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ABSTRACT 
 
      The importance of RNA as a mediator of genetic information is widely appreciated. 
RNA molecules also participate in the regulation of various post-transcriptional activities, 
such as mRNA splicing, editing, RNA stability and transport. Their regulatory roles for 
these activities are highly dependent on finely tuned associations with cognate proteins. 
The RNA recognition motif (RRM) is an ancient RNA binding module that participates 
in hundreds of essential activities where specific RNA recognition is required. We have 
applied phage display and site-directed mutagenesis to dissect principles of RRM-
controlled RNA recognition. The model systems we are investigating are U1A and CUG-
BP1. In this dissertation, the molecular basis of the binding affinity of U1A-RNA beyond 
individual contacts was investigated. We have identified and evaluated the contributions 
of the local cooperativity formed by three neighboring residues (Asn15, Asn16 and 
Glu19) to the stability of the U1A-RNA complex. The localized cooperative network was 
mapped by double-mutant cycles and explored using phage display. We also showed that 
a cluster of these residues forms a “hot spot” on the surface of U1A; a single substitution 
at position 19 with Gln or His can alter the binding properties of U1A to recognize a non-
cognate G4U RNA. Finally, we applied a deletion analysis of CUG-BP1 to define the 
contributions of individual RRMs and RRM combinations to the stability of the complex 
formed between CUG-BP1 and the GRE sequence. The preliminary results showed 
RRM3 of CUG-BP1 is a key domain for RNA binding. It possibly binds to the GRE 
sequence cooperatively with RRM2 of CUG-BP1. RRM1 of CUG-BP1 is not required 
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for GRE recognition, but may be important for maintaining the stability of the full-length 
CUG-BP1. 
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CHAPTER 1 
RNA RECOGNITION BY RNA-BINDING MOTIF 
1.1 Introduction 
      RNA plays numerous functions in different cellular processes (1-5). Besides its role 
as a carrier for genetic information, it also functions as a regulator of many essential 
biological functions, including pre-mRNA splicing, editing, RNA transport and stability 
(3-4, 6). In contrast to DNA, which exists as a double-stranded helical structure, RNA is 
a single-stranded molecule in most of its biological roles. It folds to form complex 
tertiary structures with different secondary structures embedded, such as double-stranded 
stem regions (A-form), internal loops, bulges and hairpins (7).  
      In eukaryotic cells, RNA never exists on its own, but always associates with different 
RNA-binding proteins, often forming stable ribonucleoprotein complexes (RNP) (8-9). 
The great structural diversity of RNA and the large variety of molecular functions 
regulated by RNA require a wide range of RNA-binding proteins. Abnormalities and 
disruption of protein-RNA interactions often lead to diseases (8, 10). Therefore, a better 
understanding of the molecular basis underlying RNA-protein recognitions is critical to 
decipher the associated cellular functions and possibly design tools to regulate RNA-
protein complexes in fundamental and biomedical research. 
1.2 Conserved RNA-binding modules 
      Many different types of RNA-binding proteins have been identified in the past decade 
(11-15). Surprisingly, most of these RNA-binding proteins have modular structures (11, 
16-21). Single or multiple copies of these modules from the same or different structural 
families build a variety of binding surfaces to allow specific recognition of RNA. Here, 
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we focus on structural and molecular analysis of how these conserved RNA-binding 
modules specifically recognize RNA. 
1.2.1 RNA recognition motif (RRM)  
      The RNA recognition motif (RRM) or ribonucleoprotein domain (RNP) belongs to 
the α/β protein family. It is the most abundant and best-characterized RNA-binding motif, 
both in structure and function (22-23). More than 10,000 RRMs have been identified to 
play various roles in post-transcriptional gene-expression processes including RNA, such 
as capping, pre-mRNA splicing, polyadenylation and translocation (24).  
      The RRM is typically 80-100 residues long and folds into a compact globular 
structure, comprised of a four-stranded anti-parallel β-sheet supported by two α helices 
(Figure 1-1). Structural and biochemical studies have shown that RRM proteins bind 
primarily to single-stranded RNA sequences (25). The structure of the RRM is identified 
by two conserved short sequences, referred to as RNP1 and RNP2, in the two center 
strands of the β-sheet. The β-sheet of the RRM is the major binding surface for RNA 
recognition (25-26).  
                                  
Figure 1-1. The N-terminal RRM of the U1A protein in complex with the U1 snRNA 
hairpin II loop. The RNP1 and RNP2 consensus regions are shown in magenta (PDB 
code 1URN). 
      Conserved charged and aromatic residues of RNP1 and RNP2 contribute to RNA 
recognition. Arg or Lys residues that are usually located in RNP1 can form electrostatic 
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interactions with the phosphodiester backbone of RNA. Phe and Tyr residues in RNP1 
and RNP2 participate in stacking interactions with bases in the RNA. These conserved 
interactions, although crucial for RNA binding, do not contribute to the specificity of 
RNA recognition. A number of other well-conserved residues in this region, such as Val, 
Leu and Ile, are directed inside the folded domain, along with other hydrophobic residues 
in the two α helices, forming a hydrophobic core. These conserved residues and their 
orientations are crucial for constructing the major binding surface and maintaining the 
integrity of RRM. The RRM utilizes various loops connecting different β strands and 
contiguous residues in N- and C-terminal regions of RRM to make additional contacts 
with the RNA target. These interactions are thought to be the major determinants of RNA 
binding specificity (25).  
       A single RRM is sufficient to bind to specific RNA sequences in certain 
circumstances (25). Generally, a single RRM recognizes four to eight RNA nucleotides 
with a variety of affinities and specificities. For example, the N-terminal RRM of the 
U1A protein binds to seven nucleotides in the recognition element of U1 snRNA hairpin 
loop with an affinity of KD ≈ 10-11 M (27-28). In many cases, RNA-binding proteins 
require multiple copies of RRMs to achieve higher affinity and specificity for RNA (29). 
These tethered RRMs create an extended versatile RNA-binding surface to accommodate 
a large structural diversity of RNA (30-31). Proteins with multiple RRM domains can 
recognize larger RNA sequences than can proteins with only a single RRM. Interestingly, 
some members of the RRM family have been found to interact with other proteins (32-
33). These interactions could be important for regulating the binding of a given protein to 
RNA as well as facilitating the assembly of multiple protein complexes during RNA 
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regulation processes. These observations broaden the functions of this important protein 
family. 
1.2.2 KH domain 
     The heterogeneous nuclear RNP K homology (KH) domain was identified in the 
human hnRNP K protein and is regularly found in living cells of eukaryotes, eubacteria 
and archaea (34). It binds to single-stranded RNA with different affinities and 
specificities (35). For example, the KH3 domain of hnRNP K recognizes poly-C ssRNA 
with a KD of approximately 10-6 M (36). The Nova KH3 domain binds to ssRNA with 
much tighter affinity (KD ≈ 10-9 M) (37). KH domains have been associated with several 
levels of the regulation of gene expression and implicated in many genetic diseases. For 
example, a single mutation within the highly conserved residues in FMR1 disrupts its 
association with RNA, causing fragile-X mental retardation syndrome (38). The KH 
domain is composed of ~70 residues and shares the same α/β fold structure as the RRM 
(39-40). It is characterized by a compact structure with three α-helices supported by a 
three-stranded β-sheet (Figure 1-2).  
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Figure 1-2. The K-homology-3 (KH3) domain of Nova-2 in complex with 5'-AUCAC-3'. 
A conserved GXXG sequence that is located in an exposed loop (light green) mediates 
binding to both single-stranded DNA and RNA (PDB code 1EC6). 
      
     The KH domain has an important signature sequence of (I/L/V)IGXXGXX(I/L/V), X 
represents Lys, Arg or Gly, near the center of the domain (34, 41). The highly conserved 
GXXG segment comprises the loop region that connects α helix 1 and α helix 2 in the 
fold. This GXXG segment always associates with the loops connecting the β strands for 
RNA recognition. These loops may be crucial for the high specificity since they are 
shown to be flexible without RNA bound in isolated domains from hnRNP K and FMR1 
(34, 38, 42).  
      Like RRMs, KH domains are present as single or multiple copies in proteins to 
achieve independent or cooperative RNA recognition. However, the KH domain binds to 
RNA with a completely different pattern of interactions than the RRM. KH domains use 
the exposed combinations of α helices, loops and β strands to recognize RNA. Because 
there are no aromatic residues present in the KH domain, affinity and specificity are 
achieved mainly by hydrogen bonds, electrostatic interactions, van der Waals and shape 
complementarity (41).            
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      Two different topologies, named the type I and type II folds, have been identified in 
the KH domain family (39). They differ in the arrangements of the common βααβ core. 
The type I fold, like KH3 of hnRNP K, has the common core at the N-terminus followed 
by an additional β strand and an α helix (βααββα) (43), while the type II fold is αββααβ, 
with the common core at the C-terminus. The β sheet is antiparallel in type I but mixed in 
type II KH folds. These specific topologies have important implications for the functions 
of related proteins, which can be seen from the complex of the Nova-2 KH3 domain 
bound to a tetranucleotide hairpin loop (40). In the homologous Nova proteins, Nova 1 
and Nova 2 proteins contain three contiguous KH domains (KH1, KH2 and KH3) linked 
by various lengths of interdomain linkers, a short linker (26-50 residues) between KH1 
and KH2 and a much longer linker (179-204 residues) between KH2 and KH3 (44). The 
C-terminal KH3 domains of Nova-1 and Nova-2 proteins are the key domains for 
recognizing tetranucleotide sequences (UCAY) in hairpin loops. In the crystal structure 
of Nova-2 bound to the single-stranded UCAC sequence in an RNA hairpin loop (40), the 
bases are splayed out to make contacts with the hydrophobic binding platform comprised 
of the two helices (α1 and α2) and the β2 strand. The ssRNA is mainly gripped by the 
core sequence GXXG and another variable loop. The two flanking Gly residues in the 
core sequence appear crucial for subtle structural adjustments that enable easy access of 
RNA to the backbone of the KH domain. Affinity and specificity are mediated by 
contacts between the two central nucleotides C and A and side chains of proximate 
residues in the KH3 domain, such as Glu and Arg, through specific hydrogen bonding 
interactions (40).  
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1.2.3 Double-stranded RNA-binding motif (dsRBM) 
      The dsRBM is found in proteins in viruses, bacteria and eukaryotes (41, 45-47). Over 
100 homologous sequences have been identified by the PFAM domain alignment 
database (48). NMR structures of Drosophila melanogaster Staufen (49), Escherichia 
coli RNase III (50), and two dsRBMs of human PKR (51) revealed a common feature of 
this motif. It is a α/β fold (αβββα), in which the two α helices are packed against three 
stranded anti-parallel β-sheet. There are many conserved residues scattered throughout 
the 65-75 residues long protein sequences, mostly in the N- and C-terminal regions of the 
motif. These residues are often orientated on one side of the motif and are exposed to the 
solvent, suggesting they may play important roles in RNA recognition. This motif binds 
to A-form RNA in the minor and major grooves as shown by the structure of the 
Xenopous laevis protein Xlrbpa in complex with its cognate dsRNA (Figure 1-3) (52) . 
The RNA target is comprised of two short RNA sequences (10 base pair long for each) 
stacked together, which form a continuous A-form double helix. The dsRBM recognizes 
16 base pairs of the RNA sequence and engages them predominantly on one face of the 
duplex: the N-terminal α helix (α1) and the loop between β 1 and β 2 bind to two adjacent 
minor grooves. Some residues in this region, such as Glu and His, are involved in direct 
and water-mediated hydrogen bonding interactions with the nucleotides in the minor 
grooves. The C-terminal α helix (α2) of the motif interacts with the major groove of 
RNA. The A-form duplex is partially unwound in order to widen the major groove to 
accommodate the C-terminal α helix. Several conserved Lys residues make direct 
contacts with the phosphodiester backbone and ribose 2’-OH groups of RNA to stabilize 
the complex (53-56).           
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Figure 1-3. The structure of Xlrbps dsRBM2 in complex with its cognate dsRNA (PDB 
code 1DI2). 
 
         dsRBD binds to double-stranded RNA with low sequence specificity, and does not 
bind to dsDNA or DNA-RNA hybrids. In certain circumstances, specificity can partially 
be achieved for the recognition of irregular helical elements, such as hairpins, 
mismatches, and bulges (57-60). Many double-stranded RNA binding proteins, such as 
ADAR1(54) and Staufen (59, 61-62), require multiple dsRBMs for optimal RNA 
recognition. Cooperativity of recognition and the extended binding interfaces enable 
specific binding of certain RNA structures (56, 63). The spacing of the motifs within a 
protein also plays a role in the specificity of the protein for RNA. It should be noted that 
many proteins use different topologies other than αβββα to bind double-stranded RNA. 
The influenza viral protein NS1 and 2', 5'-oligoadenylate synthetase (OAS) are two 
examples (64-66).  
1.2.4 Arginine-rich motif (ARM) 
     The Arginine-rich motif is only 10-20 amino acids long and contains approximately 4-
8 Arg residues. The ARM is found in a variety of RNA-binding proteins, including the 
HIV and BIV Tat transcription factors, the bacteriophage antiterminator N proteins, viral 
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coat proteins and ribosomal proteins (67-71). In cells, proteins containing ARMs are 
involved mainly in the transcriptional regulation of gene expression.  For example, 
Lambdoid N proteins, which contain arginine-rich N-terminal RNA-binding regions, act 
as transcriptional antitermination factors in gene expression (72). The trans-activation 
lentiviral regulatory protein Tat enhances transcriptional elongation of the promoter-
proximal RNA polymerase II in mammalian immunodeficiency viruses (73-74). In 
contrast to the RRM and KH domains described above, ARMs share little sequence 
similarity besides the higher number of Arg residues and exhibit substantial diversity. 
The structures of the RNA targets can include hairpins, internal loops and bulges. ARMs 
use β-hairpin, α-helical and helix-turn-helix structures to bind RNA. The mechanisms 
mediating RNA recognition by ARMs have been investigated in depth in five ARM-RNA 
structures: BIV Tat-TAR (75), HIV-1 Rev-RRE (76), HIV-1 REV-RNA aptamer (77), 
P22-N-boxB (78-79),  and HIV-1 TAR-argininamide (80-81). The diverse structures of 
ARMs enable them to act as essential building units to generate precise and specific RNA 
binders (Figure 1-4). The ARM usually binds to RNA in widened major grooves by 
mutual induce-fit mechanisms (82). Although the molecular mechanisms for major-
groove widening are different in each complex, they all take advantage of irregular RNA 
elements, such as mismatches, loops and bulges, to achieve the same goal. For example, 
the major grooves in HIV-1 and HIV-2 TAR are widened by the buckled triple bases 
UAU and a projected unpaired uridine. The resulting local distortion makes a deep 
peptide-binding cavity in the widened major groove. The size of binding surface is 
further stretched by the phosphate backbone between G9 and U10. Interestingly, the local 
distortions of the helical structure have almost no effect on the overall base stacking of 
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RNA (75, 83). The major groove in HIV-1 RRE is widened by two successive G:A and 
G:G mismatches along the helical structure of RNA. A bulged uridine between the two 
mismatches partially unwinds the double helix and further widens the major groove of 
RRE (76).  
      The arginine side chain has the potential to form hydrogen bonds, weak polar, diverse 
ionic, and van der Waals interactions with RNA (84-85). In ARM-RNA complexes, the 
majority of the arginine residues in ARMs are found to contact loops, mismatches, and 
hairpins of RNA. For example, in the BIV Tat-TAR complex, the guanidinium groups of 
Arg70 and Arg73 form an extensive hydrogen bonding network with the major-groove 
nucleotides and the phosphodiester backbone of RNA in the central triple base region 
(75). In the Rev-aptamer complex, the aliphatic region of the side chain of Arg35 forms 
van der Waals interactions with the major-groove edge of RNA. Arg39 and Arg42 also 
make van der Waals contacts and a few hydrogen bonding interactions with different 
regions of the major-groove edge of RNA (77). Binding is not just mediated by arginine, 
the side chains of nonpolar and aromatic residues in ARMs are also involved in RNA 
recognition (78, 86-87). By contacting nonpolar pockets of the RNA or broad aromatic 
surfaces such as flipped bases or RNA loops, shape selectivity can be achieved. 
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A                                                           B                                                C 
 
 
 
 
 
 
 
 
 
Figure 1-4. Structures of arginine-rich peptide–RNA complexes. A. BIV Tat–TAR RNA 
complex (PDB code 1MNB) B. HIV1 Rev–RRE RNA complex (PDB code 1ETF) C. 
P22 N–Box B RNA complex (PDB code 1A4T).  
 
1.2.5 Other RNA-binding motifs 
       There are other RNA-binding motifs that have been identified. For example, the Arg-
Gly-Gly box (RGG box) is comprised of approximately 20 amino acids. It is usually 
present as multiple copies and associated with other RNA binding motifs for RNA 
recognition, suggesting it may not recognize RNA sequences specifically (88-91).  The 
motif is highly flexible due to the high percentage of Gly residues. Another important 
RNA-binding motif is the zinc-finger motif, which has been identified in many RNA-
binding proteins, including the retroviral nucleocapsid protein, yeast RNA-binding 
protein, RNA polymerase III and TFIIIA protein in the ribosome (92-96). It folds into a 
compact zinc-binding domain with a shape of a finger. This motif is characterized by an 
α-helix and an anti-parallel β-sheet in a tandem pattern coordinated by zinc. Zinc fingers 
are generally present in multiple copies for RNA binding. The uniquely extended binding 
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surface allows it to bind to both single-stranded and double-stranded RNA (92-94, 97). 
Zinc fingers are classified into three families based on the sequences of the residues that 
use to coordinate zinc, namely CCHH (94), CCCH (98) and CCHC (99). 
       The RNA-binding motifs shown here provide important guidelines to classify RNA-
binding proteins and outline the molecular basis that guides RNA recognition. Generally, 
protein-RNA complexes are recognized by hydrogen bonding, stacking and electrostatic 
interactions.  
1.3 Conclusions 
       Besides these individual contacts described above, RNA-binding proteins also take 
advantage of cooperative interactions to obtain evolved binding affinities. We have 
identified and evaluated the effects of the local cooperativity of three neighboring 
residues, Asn15, Asn16 and Glu19, which contributes to the high affinity of the N-
terminal RRM of the U1A protein upon binding to the U1 snRNA hairpin II loop. The 
localized cooperative network was mapped by double-mutant cycles and investigated 
with phage display. In the U1A protein, Asn15, Asn16 and Glu19 are located in β-strand 
1 and loop 1 and contact U2, U3 and G4 of the RNA loop with specific hydrogen binding 
interactions. To probe the potential energetic coupling among these residues, we 
constructed a series of U1A mutants containing single, double, and triple-point Ala 
substitutions at positions 15, 16 and 19. The effects of these mutants on the overall 
stability of the U1A-RNA complex were individually determined. Double mutant cycle 
analysis revealed that Glu19 is energetically coupled with Asn15 and Asn16 by 0.4 
kcal/mol and 0.5 kcal/mol, respectively, whereas there is virtually no energetic coupling 
between Asn15 and Asn16. We show that the U1A-RNA complex is stabilized by 0.9 
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kcal/mol due to the additive effect of energetic couplings between Asn15-Glu19 and 
Asn16 and Glu19. Phage display with randomization of three target sites demonstrates 
Asn15, Asn16 and Glu19 are preferred residues by U1A, and their signature side chains 
are required for obtaining the high affinity of the U1A-RNA complex. Our analysis also 
suggests that a cluster of these residues forms a “hot spot” on the surface of U1A. This 
cluster could therefore be used to rationally design small molecules or peptide mimics as 
regulators of the U1A-RNA complex. Overall, our studies complement other 
investigations of cooperative networks in U1A-RNA and provide insight towards the 
understanding of RNA binding by RRMs. Details of this project are described in Chapter 
3.  
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CHAPTER 2 
MODULAR DESIGN OF RNA-BINDING PROTEINS 
2.1 Introduction 
     Associated with complex tertiary structures of RNA, RNA-binding proteins regulate 
various aspects of cellular and viral regulatory processes in RNA metabolism, including 
RNA capping, pre-mRNA splicing, polyadenylation, mRNA editing and stability (1-2). 
Many RNA-binding motifs have been identified on the basis of sequence similarities and 
structural topologies (3), including the RRM, the KH domain, the arginine-rich motif, and 
zinc-finger motifs. In eukaryotic cells, proteins containing RNA-binding motifs often use 
conserved binding mechanisms for RNA recognition (4-7). This observation and the 
importance of RNA in biological processes have generated great interest in creating 
artificial sequence-specific RNA-binding proteins using conserved RNA binding motifs 
as scaffolds. This design process would provide us a better understanding of the functions 
of RNA-binding proteins and the molecular basis of RNA recognition, and most 
importantly, it could allow ultimately gene expression to be manipulated at the RNA 
level for therapeutic uses. 
         Although many high-resolution protein-RNA complexes have been solved by X-ray 
crystallography and NMR spectroscopy (8-17), much less progress was made towards the 
design of RNA-binding proteins. In the past two decades, structure-based rational design 
and combinatorial selection approaches have been applied for designing RNA-binding 
proteins with limited success. 
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2.2 Structure-based design 
2.2.1 Engineering Pumilio repeats for single-stranded RNA recognition 
      Proteins containing the Pumilio-homology domains (PUM-HD) or Puf domains act as 
translational regulators of gene expression in a wide variety of eukaryotes (yeast, plants 
and mammals) by binding to specific RNA sequences in the 3’- untranslated regions of 
mRNA (18). Puf proteins are usually associated with other regulatory proteins to control 
diverse developmental events including germ-line stem cell development, anterior 
patterning and neuronal function (18-20). The PUM-HD comprises eight consecutive 
sequence repeats, called Puf or PUM repeats, each 36 amino acids long, flanked by two 
conserved Puf –related regions at the N- and C-terminus. Puf proteins recognize specific 
RNA sequences, called nanos response elements (NREs) located at the 3’-UTR of mRNA 
(18, 21-23). The crystal structures of the fly PUM-HD in complex with fly NRE revealed 
that eight Puf repeats line up to form an extended curved binding surface for RNA 
recognition (24). All eight repeats are required for efficient and specific RNA binding, 
and each RNA base is individually recognized by three conserved amino acids in the 
second helix in each repeat. This unique binding pattern makes it an excellent scaffold for 
developing linear single-stranded RNA-binding proteins with desired binding properties. 
      Cheong and Hall applied site-directed mutagenesis of Homo sapiens Pumilio 1 
homology domain (HsPUM1-HD) to produce mutants of this protein with altered RNA 
binding specificity (25). They constructed seven mutants of HsPUM1-HD by mutating 
two of the three side chains of the conserved residues that contact the targeted single 
RNA base (Figure 2-1).  
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Figure 2-1. Schematic representation of sequence-specific NRE RNA recognition by 
HsPUM1-HD (PDB code 1M8Y).      
 
They found that the two-point mutations of the protein are sufficient to switch the binding 
specificity from G to U, U to G, A to G and A to U. They did not mutate the site where 
ring stacking is present since it was thought to be important for affinity, not specificity 
(25). In many cases, the mutant proteins bind to the modified RNA targets with 
comparable affinity as does the wild-type protein to the wild-type NRE. In other cases, 
the complexes formed between the mutant proteins to their RNA targets were 10 to 30-
fold less stable than the wild-type complex. These observations suggest recognition of 
NREs by Puf proteins is more complex and involves more residues than just the two 
residues involved in specific base contacts. Recognition of the backbone of the protein by 
water-mediated intermolecular hydrogen bonds and stacking interactions formed by 
alternating aromatic and basic side chains with the RNA bases also contribute to the 
affinity of the protein for RNA. A better understanding of these interactions and other 
factors will be necessary to generate high affinity single-stranded RNA-binding proteins 
by using the HsPUM-HD as a scaffold. Undoubtedly, these artificial RNA-binding 
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proteins will improve our understanding of translational regulation by 3’-UTR regulators 
and functions of other associated factor during cell development. 
2.2.2 Design of a zinc finger that recognizes HIV-1 RRE 
     A structure based design approach has been used to generate an RNA-binding zinc 
finger that specifically recognizes the HIV-1 Rev response element (RRE) (26). Zinc 
fingers are commonly considered to be DNA-binding proteins, and they recognize DNA 
primarily by direct contacts with base pairs in the major groove (5, 27-28).  Some 
residues in the α-helix (recognition code) of zinc fingers have been identified to be 
critical for DNA recognition (29). Several DNA-binding zinc fingers have been designed 
by selective mutations of these residues (30-32). Zinc fingers can also bind to RNA as 
shown by the RNA-binding domains in the transcription factor TFIIIA (33) and TIS11d 
(34). Other zinc fingers have been shown to bind to DNA-RNA hybrids (35). 
      McColl et al. designed a hybrid zinc-finger-Rev (ZF-Rev) peptide that mimics a 
general zinc finger and binds specifically to HIV-1 RRE (26). In the native complex of 
HIV-1 Rev-RRE, HIV-1 Rev utilizes an arginine-rich α-helix to recognize the RRE in the 
major groove. This arginine-rich α-helix is structurally unstable when it is isolated from 
the full-length protein HIV-1 Rev, and its affinity to the RRE is proportional to its helical 
content (36). It has been shown that this isolated arginine-rich peptide can be partially 
stabilized by extra peptide sequences added to the N terminus (36). A zinc finger peptide 
is an excellent candidate for locking the Rev peptide into a native helical state, which in 
turn increases its affinity to the RRE, since zinc finger peptides can fold into stable 
structures in a metal-dependant manner (37-38). In this study, the N-terminal portion 
(KPFQCRICMRNFS) of a single zinc finger domain of Zif268 (DNA-binding protein) 
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was engineered into an arginine-rich α-helix of Rev (TRQARRNRRRRRRR). Two non-
essential Arg residues highlighted in the sequence were substituted by two His residues in 
the Rev peptide in order to construct the CCHH arrangement of the novel zinc finger. Cys 
residues in the zinc finger sequence required for zinc coordination and other critical 
residues required for RRE recognition in the Rev peptide were retained (26). The ZF-Rev 
hybrid peptide showed metal-binding capability and structural characteristics of standard 
zinc fingers by cobalt absorption and CD experiments. As expected, the novel hybrid zinc 
finger peptide exhibits the zinc-dependent binding to RRE, that is comparable to that of a 
stabilized isolated α-helical peptide (36). These findings suggest the designed hybrid zinc 
finger may bind to RRE with a stabilized α-helix similar to the wild-type Rev. 
Interestingly, the novel ZF-Rev peptide also showed binding activity in HeLa cells (36). 
A series of fusion proteins of the bacteriophage λ N protein with ZF-Rev fused to the N-
terminus bound to RRE IIB in bacteria, suggesting the binding mode could be identical to 
that observed in mammalian cells. 
      This work demonstrates that the zinc finger motif can provide an excellent scaffold to 
design a monomeric sequence-specific RNA binding helix for HIV-1 RRE. In zinc 
finger-DNA complexes, multiple copies of zinc fingers are required for sequence-specific 
DNA recognition, because residues from adjacent fingers and interdomain linkers contact 
DNA bases in the major groove of DNA and help maintain the optimal orientation of α 
helix binding (29). In contrast to rigid DNA structures (A-form), RNA can form a wide 
variety of tertiary structures that are usually dynamic. Thus, RNA can potentially provide 
many defined binding sites, such as the deepened major groove in the RRE, for designed 
RNA binders with smaller sizes. The affinity and specificity of these binders could be 
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optimized by additional contacts with RNA, either in conjunction with the zinc-finger 
scaffold or perhaps within a scaffold customized by combinatorial selection (26).  
2.2.3 Design of a tethered RNA-binding peptide 
         An individual RNA-binding motif usually has a limited ability to recognize RNA. 
The affinity and specificity of complex formation can be increased substantially by 
tethering RNA-binding domains together. Some examples are tandem zinc finger motifs 
(39), RNA recognition motifs (40) and the Pumilio protein (23). The various orientations 
of these tethered RNA-binding motifs expand the overall RNA-binding interface and 
thus, enable higher affinity and specificity of binding. There has been significant progress 
in designing RNA-binding peptides with multiple RNA-binding motifs linked together. 
For example, a novel sequence-specific RNA binding peptide, a dimeric covalently 
linked hairpin peptide, has been designed to bind to two adjacent TAR RNA sites (41). 
The bovine immunodeficiency virus (BIV) Tat peptide is unstructured, but forms a 
restricted hairpin when it binds to the major groove of BIV TAR. The NMR structure of 
the complex and mutational studies have identified eight amino acids within the 14-
resiudes long arginine-rich motif of BIV Tat and two discontinuous G:C base pairs of 
BIV TAR that are important for sequence-specific RNA recognition. An additional G and 
a bulged U in the TAR sequence are also involved in RNA binding (42-43).  In order to 
design a new RNA binder with higher affinity and specificity than its natural counterpart, 
two slightly modified native BIV Tat peptides (RGTRGKGRRI) were covalently linked 
together to recognize two “ half-site” of BIV TAR.  
        The dimeric arrangement of two RNA-binding motifs can generate a high local 
concentration of the second motif when the first one is bound, resulting in cooperative 
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binding. The designed peptide binds 10-fold higher than the corresponding monomer 
when the two TAR sequences were placed directly adjacent to each other in a head-to-
head dimeric arrangement (41). In this study, the designed tethered arginine-rich motifs 
were not able to achieve the expected binding affinity enhancement shown by tethered 
DNA-binding motifs (31, 44), suggesting the dimeric hairpin peptide conformation could 
be disordered and may need to be stabilized prior to binding. The stabilized α helical 
structure has been shown to increase the affinity of the RNA-binding domain of Rev for 
RNA, providing that the rigid structure of BIV peptide accommodates well into the RNA 
binding site (36). Additionally, the constructed TAR binding sites provide poor major 
groove accessibility because they only have a single bulge at the designated position. The 
results suggest that an arginine-rich BIV Tat peptide could be developed as a probe to 
investigate the accessibility of major grooves in vivo. Interestingly, asymmetric bulges 
and loops with extra nucleotides on the 5’ side of the TAR binding site were found to 
create much more opened major grooves than when the extra nucleotides are introduced 
on the 3’ side to TAR sites (45). These facts, together with optimization of the individual 
motifs and linkages, could be used to generate tethered RNA-binding motifs that bind 
RNA with high affinity and specificity. 
2.2.4 Design of RNA-binding α helices with picomolar affinity 
      Another promising method for efficiently enhancing the stability and specificity of 
RNA- peptide complexes is to mix various critical residues from different binding motifs 
together to build a new RNA-binding peptide. A striking example is the structure-based 
design of a hybrid arginine-rich RNA-binding peptides that can bind to a hairpin stem 
with picomolar affinity (46). 
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      A characteristic induced α helical structure (P22N21) derived from bacteriophage binds 
to its target RNA, a P22boxB RNA hairpin, with ~200 pM affinity (47-48). This complex 
plays important roles in transcription antitermination of bacteriophage. Its counterpart 
antitermination complex in λ phage ( λN22 - λboxB) shows 100-fold less in affinity. The 
NMR solution structures of P22 and λ antitermination complexes with RNA show a 
similar binding pattern controlling both RNA-binding complexes (49). They both have 
arginine-rich peptides at their N-termini, which adopt bended α helical structures and 
insert into the major groove of the cognate RNA stem hairpins to make contacts with 
RNA base pairs (50-54). The pentaloops of P22boxB and λboxB hairpins are stabilized 
by a GNRA-fold in which one base is flipped out of the loops. Seven out eleven N-
terminal residues of P22N21 and λN22 peptides are highly conserved and make direct 
contacts with the stem hairpins of cognate boxB RNA. In order to enhance the moderate 
stability observed for the λN22-λboxB complex, the peptide sequence information from the 
P22N21 was extracted and applied to the sequence of λN22. In this study, the conserved 
residues were left intact to maintain the unique loop-binding surface, and only three non-
conserved residues (Met, Asp and Gln) that contact with λboxB hairpin stem in λN22 were 
substituted by reciprocal residues found in P22N21. Arg at position 8 was not altered 
although there is a His at the similar position in P22N21 (Figure 3-4). The binding 
affinities of mutated λN22 peptides for λboxB are dramatically increased upon substitution 
of two or three of the residues that contact RNA. The resultant binding affinity is 
comparable to that of the counterpart P22N21–P22boxB complex (46). Interestingly, the 
affinities are salt dependant. A change from 150 mM to 70 mM in salt concentrations 
increases the affinities by at least 10-fold depending on the sequences of the peptides. 
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The salt dependence data suggest these substituted residues contribute differently to the 
electrostatic interactions of the λN22 - λboxB complex than they do to the P22N21–
P22boxB complex. Additionally, the substituted peptides show less helical character than 
that of the wild-type λN22 in the absence of λboxB. The results of this study provide 
important implications for designing high affinity peptide binders to control cellular 
activities at the RNA level. 
     Although structure-based design has been proven to be successful in many cases, this 
approach requires a complete understanding of RNA recognition by proteins that has 
been limited by the handful of X-ray and NMR structures of protein-RNA complexes. 
Currently, studies on structure-based design focus on mainly small RNA-binding motifs 
such as zinc fingers and arginine-rich motifs in α helical or β hairpin conformations. The 
feasibility of designing proteins to recognize RNA tertiary structures using other RNA-
binding motifs has yet explored. 
2.3 Combinatorial functional selection 
2.3.1 Selection of RNA-binding zinc fingers by phage display in vitro 
      Genetic selection of RNA-binding proteins from a combinatorial library provides 
much more promise for designing novel RNA-binding proteins, because little knowledge 
of the interactions is required in advance. The best known example is the selection of 
sequence-specific RNA binding proteins from a zinc finger phage library (55).  
      Zinc finger domains have been utilized to design sequence-specific DNA binders by 
phage display of combinatorial libraries and certain recognition codes have been 
elucidated (30, 56). Assuming these codes could be applicable to RNA recognition, 
Frisen and Darby presented an excellent example of selection of zinc finger proteins with 
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specific RNA binding properties (55). The scaffold they used was a tandem pair of zinc 
finger 4 isolated from the transcription factor III A (TFIIIA) in the ribosome. The single 
zinc finger is classified as CCHH (C2H2). TFIIIA has nine zinc fingers linked together to 
recognize both DNA and RNA. The two zinc fingers (4 and 6) in the middle are known to 
bind to 5S rRNA, although the structure of the complex is not known. Genetic studies 
have shown that the pattern of RNA recognition in the complex may be similar to that 
observed for DNA-binding fingers, in which a few critical residues in α-helix lock RNA 
in position by specific hydrogen binding interactions. In order to select residues that 
specifically contact 5S rRNA and HIV-1 Rev response element (RRE) IIB hairpin, they 
randomized eight positions between +1 and +10 in each α helix and two positions in the 
loop connecting the α helix and β strands in each zinc finger. They further randomized 
the linker between the two zinc fingers that allows flexibility of the orientation of each 
zinc finger (57). Residues on the β strands of each zinc finger were retained since they 
contribute to the overall stability of RNA binding and are unlikely to direct specific 
recognition of RNA as shown in the complex with DNA. By phage display in vitro, they 
identified at least two new zinc finger proteins that recognized their RNA targets. The 
binding affinities for both cases are comparable to that of the wild-type protein partners 
(58). Interestingly, the selected zinc fingers for HIV-1 RRE have no structural similarity 
with its native binding protein HIV-1 Rev. Among those zinc fingers bound to RRE IIB, 
the first zinc finger is rich in acidic and polar residues and the second zinc finger contains 
mainly basic residues such as Lys and Arg. It has been shown that the second zinc finger 
by itself binds to RRE IIB with similar affinity as two zinc fingers linked together. In the 
complex of HIV-1 Rev bound to RRE IIB, Rev uses an arginine-rich α helical domain to 
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recognize RRE IIB in the distorted major groove of RNA (59). The findings shown in 
this study suggest the zinc finger motif may mimic this binding pattern in the new 
complex. These selected arginine residues and other basic residues such as Lys may help 
orientate the RNA in the correct position, which in turn facilitates the formation of other 
contacts in the surrounding region. Using a larger RRE sequence (234 nucleotides) in the 
selections, phage display has recovered zinc finger binders with stronger affinity than the 
wild type counterpart, suggesting more contacts have been made by the extended RNA 
target (60). 
       These findings highlight the important role of α helices in determining the specificity 
of zinc finger binding. In combination with phage display, the zinc finger motif can be 
engineered to recognize different RNAs other than the natural targets. In this study, the 
RNA targets all contain widened major grooves by local distortions to accommodate α 
helical domains. It is still questionable if the combinatorial approach could be used for 
selection of zinc finger binding proteins for regular RNA duplexes or single-stranded 
RNA stretches, since they have no such binding sites. Other RNA-binding motifs such as 
the RRM, the KH domain, and the double-stranded RNA-binding motif could be more 
suitable for these RNA targets.  
2.3.2 Selection of HIV TAR-binding peptides by retroviral replication in vivo 
      An arginine-rich (ARM) sequence (RKKRRQRRR) in HIV Tat requires cyclin T1 as 
a cofactor to form a stable, high-affinity RNA complex with a 3-nucleotide bulge in TAR 
(61-63).  The Tat proteins in bovine immunodeficiency virus (BIV) and Jembrana disease 
virus (JDV) can bind to their cognate TAR sites independently despite the structural 
similarity of the TAR sites (42, 64-66).  In these complexes, arginine-rich sequences 
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adopt a β-hairpin structure and recognize TAR sites specifically with side chains of non-
arginine residues. The BIV Tat binds to HIV TAR with low affinity and cannot utilize 
cyclin T1 as a cofactor to increase binding and stability (67). In this study, a 
combinatorial peptide library in the context of an HIV-1 provirus was generated based on 
the BIV Tat ARM and a viral replication system was used to select for HIV TAR binders 
(68). 
      It has been pointed out that provirus containing the BIV Tar ARM and HIV TAR has 
no ability for replication due to the weak affinity, whereas those containing JDV Tar 
ARM and HIV TAR replicate efficiently (69). Due to these observations, the BIV Tat β-
hairpin core sequence was intact in the library, while the first five N-terminal residues 
(SGPRP) that differ from JDV Tat ARM were randomized. The randomized residues 
were restricted to 12 types of residues by the designed degenerate codon XXY (X 
represents a mixture of A:G:C at a ratio 3:2.5:3, Y is a mixture of G:T at a ratio 2.5:3). 
This degenerate codon only allows for the expression of hydrophilic or charged residues 
as well as Ala, Pro and Gly. These residues are known for RNA recognition and provide 
conformational flexibility.  
       As expected, the peptides isolated from the combinatorial library can bind to HIV 
TAR with a pattern similar to that of the JDV Tat ARM. They all contain at least two 
basic residues in the randomized positions and require cyclin T1 as a cofactor for HIV 
TAR recognition (68). The identified peptide sequences represent a novel category of 
HIV TAR binding peptides and could be applied as inhibitors for therapeutic purposes. 
The rates of viral replication have been shown to correlate well with RNA-binding 
affinities of Tat-TAR interactions (69), suggesting it may be possible to incorporate other 
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combinatorial peptide libraries in the designated insertion site to identify high affinity 
TAR-binding peptides. Identification of peptide binders to RNAs other than TAR may 
also be possible by engineering TAR-substituted viruses, providing another reporter 
system correlated well with the targeted protein-RNA interaction. 
2.3.3 Other genetic methods for selection of RNA-binding proteins 
       The size of phage display library is limited to complexities up to 108 by the 
transformation efficiency of E. coli cells. A larger library size may be beneficial for 
circumstances with more randomized positions. Recently, a much larger library (109-
1011) has been generated using a totally cell-free system, called in vitro 
compartmentalization (IVC) (70). In this study, authors took advantage of high affinity 
and specificity of the complex of zinc-finger motifs bound to DNA for the directed 
evolution of the human U1A protein. They fused the U1A protein library with 
randomization at position 13 and 56 to a six tandem zinc fingers isolated from Zif268 (1-
3) and TFIIIA (1-3) at the N-terminus. The direct linkage between the genotype and 
phenotype was made via the binding complex upstream of the T7 promoter in the DNA 
template that drives protein expression. The expressed chimeric protein library can be 
released from the “artificial cells” after breaking the emulsions. These premises allow 
them to select the wild type and U1A mutants from the library with the native RNA target 
as the bait. The method could be adapted to select other customized RNA-binding 
proteins considering its simplicity and efficiency.  
       Ribosome display (71) and mRNA display (72) can generate even bigger complexity 
(1012-1013) in vitro. The applications of these two methods for selection of RNA-binding 
proteins have not yet been fully explored (73-74).   
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2.4 Future prospects 
          Many examples have shown that RNA-binding motifs provide excellent scaffolds 
to generate RNA-binding peptides and proteins with novel and interesting binding 
properties. These proteins alone or associated with other cellular proteins have many 
potential applications in terms of gene regulation. The efforts for designing novel RNA-
binding proteins are currently limited to RNA structures containing stem-loops, internal 
loops and bulges. The use of more complex structures of RNA that are present in gene 
expression machinery such as those in the spliceosome and ribosome are still not 
practical. The ultimate challenge will be fulfilled with the development of new screening 
methods and complete understanding of protein-RNA interactions, along with more 
detailed characterization of thermodynamics and kinetics of protein-RNA complexes. 
Moreover, the development of novel peptide and protein scaffolds beyond the naturally 
occurring motifs for generating more diverse RNA binding surfaces is also important. 
Some substantial progresses have been made in the past few years in designing small-
molecule scaffolds (75-78) and peptidomimetics (79-80) for RNA binding.  
2.5 Conclusions 
      The conserved surface of the human U1A protein recognizes the U1 snRNA hairpin 
II loop during the initial spliceosomal assembly. In Chapter 4, we show the binding 
surface of U1A can be altered to recognize a non-cognate RNA. In the crystal structure of 
the U1A-RNA complex, Asn15, Asn16 and Glu19 are involved in the recognition of G4 
of RNA and their important contributions to the high affinity of the U1A-RNA complex 
have been reported in Chapter 2. We assumed that these projected residues could be 
mutated to recognize RNA bases other than G. To test this hypothesis, we applied the 
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U1A phage library with randomization at positions 15, 16 and 19 constructed previously 
(see Chapter 2) for selecting binding proteins for RNA bearing G4 mutations. Two U1A 
mutants selected from the pooled U1A phage library were analyzed. Our data shows that 
a single residue substitution of Glu19 by Gln or His largely restores the binding affinity 
between U1A and the G4U RNA mutant. Asn15 and Asn16 were retained in our 
selections. Structural analysis and mutation studies support a new hydrogen bond 
formation on the disruptive interface of the U1A-RNA complex. A comparison of 
affinities of the wild-type U1A and the selected mutants for the wild type RNA reveals 
Glu at position 19 is crucial for the high specificity of U1A for G4 recognition. To our 
knowledge, this work is the first time that U1A has been redesigned/selected for non-
natural RNA targets. Our findings suggest that U1A is a proof-of-concept for the design 
of RNA-binding proteins with desired binding properties. 
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CHAPTER 3 
IDENTIFICATION AND ANALYSIS OF LOCAL COOPERATIVE 
INTERACTIONS IN THE U1A-RNA COMPLEX 
3.1 Introduction 
      The regulatory roles of RNA are highly dependent upon specific interactions with 
RNA binding proteins (1-3). In plants, animals and bacterial cells, most of these RNA-
binding proteins have modular structures defined by different structural motifs. Single or 
multiple copies of these motifs allow specific recognition of RNA molecules diverse in 
structure and sequence (4-8). The RNA recognition motif (RRM), also referred to as the 
ribonucleoprotein domain (RNP), is one of the most abundant RNA-binding motifs. It 
recognizes single stranded RNA sequences and is involved in almost all steps of gene 
regulation, including, but not limited to, pre-mRNA splicing, transport, and stability (9). 
The RRM folds into a globular structure comprised of a four-stranded anti-parallel β-
sheet supported on one face by two α-helices. The exposed β-sheet is the major binding 
surface for RNA recognition by most RRMs. RRM-RNA complexes are stabilized by 
conserved stacking interactions and large hydrogen bonding networks (10). RRMs are 
capable of discriminating RNA targets in cells (11-12). Through evolution, these RRMs 
developed to bind cognate RNAs with different affinities in order to execute their various 
functions. Therefore, understanding the molecular basis of RRM-RNA recognition is 
important for elucidating their individual roles in biological processes. 
       Residue cooperativity is considered a fundamental component in protein folding, 
enzyme catalysis and molecular recognition (13-14). In a binding interface, individual 
residues act cooperatively or are energetically coupled if the effect on complex stability 
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of modifying these residues simultaneously does not equal the sum of the effect on 
complex stability of modifying each residue individually (15-17). In this study, we 
quantitatively probed the cooperative interactions of three neighboring residues in the N-
terminal RRM of the U1A protein upon binding to the U1 snRNA hairpin II loop. U1A is 
an excellent model system for studying RNA recognition by a single RRM.  
      The U1A protein is a key component of the U1 small nuclear ribonucleoprotein (U1 
snRNP) in the spliceosome. It binds to a single-stranded RNA element AUUGCAC in the 
U1 snRNA hairpin II loop with very high affinity (KD ~10-11 M) (Figure 3-1) (18-19). 
U1A also binds to a similar sequence in two adjacent internal bulges in the 3’-
untranslated regions of its own pre-mRNA. Although U1A contains two RRMs, the N-
terminal RRM of U1A, containing the first 101 residues, confers full binding affinity to 
RNA (10, 20).  
                                      A                                                           B                                          
       
 
 
 
Figure 3-1. (A) N-terminal RRM of U1A in complex with U1 snRNA hairpin II (PDB 
entry 1URN). The U1 snRNA hairpin II is shown as the blue ribbon. (B) Secondary 
structure of U1 snRNA hairpin II. The recognition sequence is shown in boldface and U2, 
U3 and G4 for this study are highlighted in red.  
       Previous studies have revealed several long-range cooperative networks existing in 
the N terminal RRM of U1A that enhance binding to RNA and possibly increase the 
selectivity of RNA recognition (21-23). In one of these networks, Tyr13, a highly 
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conserved aromatic residue in β-strand 1, was found to be energetically coupled with 
Phe56, a highly conserved aromatic residue in β-strand 3. Moreover, both Tyr13 and 
Phe56 are coupled with most of the C-terminal residues of the U1A protein (21). The C-
terminal region of the N-terminal RRM of U1A is comprised of β-strand 4 and α-helix C 
and forms an extensive hydrogen bonding network with the last three bases C5, A6 and 
C7 in the recognition element of RNA upon binding (10). In a second cooperative 
network, Tyr13 is energetically coupled with Gln54 and residues in loop 3 mediated 
through the G-C closing base pair and A1 of RNA (22). In a third cooperative network, 
Gly53 was found to be coupled with the TDS linker of U1A through loops 1 and 3 (23). 
Recently, a more complex cooperative network with the U1A-RNA complex has been 
reported from our group (24).  All of these cooperative networks have focused largely on 
long-range energetic coupling of residues that describe the global rearrangement of U1A 
upon binding to RNA. 
      In this study, we have chosen to investigate local cooperativity in the U1A-RNA 
complex involving a cluster containing three neighboring residues (Asn15, Asn16 and 
Glu19). In the crystal structure of the complex, these residues make specific hydrogen 
bonding contacts with RNA and probably contribute significantly to the highly specific 
recognition of RNA by U1A (Figure 3-2) (10). Mutational studies have shown that these 
sites are important contributors to the high stability of the U1A-RNA complex (25). In 
order to the probe whether these residues act independently or in a cooperative manner, 
we exhaustively mutated Asn15, Asn16 and Glu19 to Ala. With the hypothesis that these 
mutations only remove local contacts without disturbing the entire binding interface and 
stability of the U1A-RNA complex, the alterations of the free binding energy upon 
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mutation represent the contributions from those deleted interactions. The energetic 
coupling of these residues was estimated by the method of double mutant cycles (14). We 
also used phage display (26) to investigate if the identities of Asn15, Asn16 and Glu19 
are required for RNA binding. 
 
 
 
 
 
Figure 3-2. Structural representation of hydrogen bonding interactions between Asn 15, 
Asn 16 and Glu 19 of U1A and U2, U3 and G4 of U1 snRNA hairpin II . For clarity, only 
the side chains of the residues and splayed-out bases U3, U4 and G4 are shown. The 
hydrogen bonds investigated in this study are shown by dashed lines. The two 
nonspecific hydrogen bonds between G4 and the amide and carbonyl groups of the 
protein backbone in this region are not shown. 
3.2 Results and discussion 
      We have investigated RNA recognition by the N-terminal RRM of U1A (residues 2-
102), because it constitutes the portion of the U1A protein involved in binding the U1 
snRNA hairpin II loop (10). In order to identify individual cooperative interactions within 
the locally cooperative network formed by Asn15, Asn16 and Glu19 and estimate their 
contributions to the overall stability of U1A-RNA, we constructed U1A mutants 
containing single, double and triple-point Ala substitutions at positions 15, 16 and 19. 
U1A mutants were expressed via a His6 fusion in similar amounts in E. coli cells as the 
wild type U1A (see materials and methods), suggesting the stability of the proteins was 
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not dramatically affected by these mutations. Their affinities for RNA and binding free 
energies in comparison with that of the wild type U1A were determined (Figure 3-4) and 
are tabulated in Table 3-1. 
3.2.1 Ala substitutions for Asn15, Asn16, and Glu19 in U1A 
          In the crystal structure of the U1A-RNA complex, Asn15 and Asn16 reside in β-
strand 1 (Figure 2-4). The side chains of Asn15 and Asn16 make a single hydrogen bond 
with G4 and U3 of RNA, respectively (Figure 3-2). Glu19 is located in loop 1 connecting 
β-strand 1 and α-helix A. This loop contains residues 17-21 of U1A and Glu19 is placed 
in the middle, flanked by two residues on each side (Figure 3-3) (10). The positioning of 
Glu19 in the loop could be important for its optimal orientation for access to RNA. Glu19 
forms two hydrogen bonds via its carboxyl group of the side chain with U2 and G4 of 
RNA (Figure 2-3) (10). Mutations in this region have been shown to greatly destabilize 
the complex (25). These residues do not appear to contribute to the tertiary structure of 
U1A and are exposed to solvent in the free protein. Thus, they are good candidates for 
investigating the contribution of cooperative interactions to RNA binding (10, 25). 
 
Figure 3-3. Amino acid sequence and secondary structure of the N-terminal RRM of the 
U1A protein.  Residue numbers are labeled above the sequence. 
. 
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          To investigate the individual contribution of Asn15, Asn16, and Glu19 to binding, 
we mutated each residue to Ala and measured the affinity of the resulting mutant protein 
for RNA. Due to their positions in the U1A structure, each mutation will eliminate the 
hydrogen bonding interactions involving that amino acid and may also alter the structure 
and stability of the free protein or complex. Thus, the observed destabilization and 
energetic coupling results from the combination of all of these effects on binding (14). 
The U1A protein and its mutants were expressed with His6 tags. Under our binding 
conditions, the wild type His6 fusion U1A binds to RNA with an affinity of 0.049 nM 
(Table 3-1), consistent with reported KD values for the wild type complex without the tag 
(19, 21-22), suggesting the His6 tag at the N-terminus does not interfere with the stability 
of the complex.  
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Figure 3-4. Representative electrophoretic mobility shift assays of U1A and its mutants 
in complex with the U1 snRNA hairpin II loop. Samples from a 4-fold serial dilution of 
the indicated protein were incubated with 32P-labeled U1 snRNA hairpin II at room 
temperature for 30 min.  The shifted bands were resolved by electrophoresis on an 8 % 
native polyacrylamide gel. Control reactions without added protein were loaded in the 
first lane on the left side of each gel. 
       As expected, all of the single Ala mutants formed complexes with RNA and were 
less stable than the wild type complex, suggesting the local arrangements of these 
residues have been evolved to recognize RNA. The calculated KD for the complex formed 
with U1A mutant N15A was 0.5 nM, which is 10-fold higher than the KD of the wild type 
complex. The corresponding energetic destabilization of the complex formed with U1A 
mutant N15A was 1.3 kcal/mol. Previous studies showed that a single substitution with 
Val at this position completely abolishes RNA binding (25). This could be due to a 
structural disturbance by the bulky side chain of Val and the different experimental 
conditions. A single substitution of Asn16 with Ala resulted in a 1.0 kcal/mol loss in the 
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binding free energy, slightly less than that resulting from N15A. Destabilization of the 
complex by 1.0 or 1.3 kcal/mol is within the range that would be expected from the 
elimination of a single nonlinear hydrogen bond. E19A caused a 50-fold loss in binding 
affinity or a 2.3 kcal/mol destabilization of the complex, consistent with its participation 
in two hydrogen bonds with RNA (10).  
3.2.2 Local cooperative network formed by Asn15, Asn16 and Glu19 
        To investigate cooperative interactions between Asn15, Asn16, Glu19, we purified a 
complete set of U1A mutants containing all possible combinations of double and triple 
Ala substitutions at positions 15, 16 and 19 and measured their affinity for RNA. We 
applied double mutant cycle analysis (14) to assess the coupling energy between these 
residues (Figure 3-5).  
Table 3-1. U1 snRNA hairpin II binding properties of U1A and Ala-substituted U1A 
mutants 
 
a  KD is the mean of at least three separate determinations. The standard deviation of these 
measurements is given. b ΔG is the free binding energy of the protein in complex with the 
U1 snRNA hairpin II calculated by the equation ΔG=-RTlnKD, where T=298K. c ΔΔG is 
the change in free binding energy upon the selective Ala substitutions. d Fold-reduction of 
the KD of the U1A-U1 snRNA hairpin II complex as a result of the indicated mutations.  
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    Ala substitution of Asn15 and Asn16 simultaneously remove two hydrogen bonds 
from the complex (10) and causes a 2.3 kcal/mol loss in the free binding energy. A 
comparison of this binding energy loss to the sum of the binding energy losses from the 
two single-substituted N15A and N16A shows that there is no energetic coupling 
between Asn15 and Asn16 (Table 3-2). This data shows that these two residues interact 
with RNA independently even though they are close in space in the complex.  
 
Figure 3-5. Two-dimensional double-mutant cycles of N15A/N16A, N15A/E19A and 
N16A/E19A.  The free energy of binding changes in kcal/mol caused by indicated Ala 
substitutions are reported in Table 3-1. 
 
        Simultaneous Ala substitutions at positions 15 and 19 (N15A/E19A) resulted in a 
large destabilization of the complex (4.0 kcal/mol), exceeding the sum of the loss of 
binding energy of the corresponding single mutants (N15A and E19A). This result 
suggests that Asn15 and Glu19 are energetically coupled upon RNA binding. Double 
mutant cycle analysis of the residue pair of Asn15 and Glu19 showed a 0.4 kcal/mol 
energetic coupling between these residues. Substitutions at positions 16 and 19 with Ala 
(N16A/E19A) destabilized the complex by 3.8 kcal/mol. Using the double mutant cycle 
analysis, the coupling energy between Asn16 and Glu19 was calculated to be 0.5 
kcal/mol (Tabled 3-2). 
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        In order to estimate the energetic coupling of all three residues, we mutated Asn15, 
Asn16, Glu19 to Ala simultaneously. The complex formed with this triple-substituted 
U1A mutant was destabilized by 5.5 kcal/mol compared to the wild-type complex (Table 
3-1). Asn15, Asn16 and Glu19 individually contributed only limited binding energy to 
the overall stability of the complex. The sum of these contributions was calculated to be 
4.6 kcal/mol, suggesting that the local cooperative network stabilizes the U1A-RNA 
complex by 0.9 kcal/mol. 
Table 3-2. Coupling free energies for N15-N16, N15-E19, N16-E19 and N15-N16-E19 
 
a  The sum of the changes in free binding energies from the indicated single Ala 
substitutions. b  Coupling free binding energies estimated from double-mutant cycles, 
except for N15-N16-E19, which has been determined by subtraction of the sum of 
destabilization energies of the three individual Ala substitutions from the overall change 
upon Ala substitutions of Asn15, Asn16 and Glu19 simultaneously. 
      While energetic coupling has been often observed for protein-DNA and protein-
protein interactions (27-31), examples for protein-RNA interactions are rare. The 
calculated coupling energy from the cooperative network is equal to the sum of 
individual coupling energies of Asn15-Glu19 (0.4 kcal/mol) and Asn16-Glu19 (0.5 
kcal/mol), suggesting that there is no communication between these two couplings 
(Tabled 3-2). This result is consistent with the previous observation that Asn15 and 
Asn16 are not coupled with each other, but are coupled with Glu19 in the complex. 
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Interestingly, we found Asn15, Asn16 and Glu19 together contribute significantly to the 
overall stability of U1A. This “hot spot” of recognition on the surface of the protein must 
be built with the help of their interdependent couplings. In comparison with other 
cooperative networks previously reported for the U1A-RNA complex (21-23), the 
network shown in this study is much more localized, and all of the contacts involved are 
highly specific. Given the complexity of the binding interface of the U1A-RNA complex, 
the manner in which individual contacts with RNA and the overall spatial orientations of 
residues within the hot spot contribute to the complex stability and offers important 
insight into the energetic origins of complex stability and specificity which will be 
essential for the design of and inhibition of RNA-RRM complexes.  
3.2.3 Phage display of the U1A library 
      To determine if the identities of Asn15, Asn16, Glu19 in the U1A sequence are 
required for RNA binding or whether other residues could be functional at these 
positions, we constructed a combinatorial phage library of the N-terminal RRM of U1A 
with randomization of positions 15, 16 and 19 and selected for binding to RNA. Phage 
displayed protein libraries have been widely applied for in vitro selections of antibodies, 
proteins and peptides (32-34). The functional N-terminal RRM of U1A has been reported 
to be successfully displayed on M13 phage with approximately 3% of the expression 
level (35-36). In this study, we chose to use the M13 phagemid vector pCANTAB-5E 
(see materials and methods) to express the RNA binding RRM of U1A. This construct 
contains a g3 signal sequence upstream from the U1A insert, which facilitates the 
expression of the fusion gene, and an E-tag sequence to detect the efficiency of phage 
displayed libraries. There is an Amber stop codon downstream of the insert, which 
 
54 
facilitates expression of low level fusion proteins inside E. coli strain XL1-B (Sup E). In 
order to construct a U1A phage library without any bias towards displaying the wild type 
U1A protein (37), we first constructed an inactive template with stop codon (TAA) 
insertions at the randomization sites (see materials and methods). The library complexity 
of genetic codons was simplified by the NN (T/G) scheme. In the native coding sequence 
of the wild type U1A, Asn is encoded by AAC and Glu is encoded by GAG (10). This 
combination cannot be found in our genetic codon library since, according to our design, 
Asn is encoded only by an AAT codon. Thus, the AAC codon was used to probe the 
fidelity of the recovered protein sequences and contamination by the native U1A 
expressed from the parental phagemid vector. The number of individual clones of the 
U1A library was determined to be approximately 5x107, which is much larger than the 
theoretical complexity of this library (203). The initial phage stock was denatured and 
obtained as a single band detected by western blotting (see materials and methods), 
suggesting the RRMs of U1A variants have been successfully fused to the fd coat protein 
3 as designed.              
      Every member of this protein library may have some affinity for the RNA target in 
the solution because they probably all maintain the RRM scaffold. In order to select only 
the tightest binding phage, we applied an RNA concentration of 5x10-11 M in selection 
cycles. This concentration is comparable to the KD value of the wild type complex. It has 
been shown in previous selection experiments with a smaller U1A library that a low RNA 
concentration is important for selection of high affinity RNA binders (36). In our 
selections, the RNA target was 5’-end biotinylated and the controls were designed as 
selections of binding phage from the surface of beads without added RNA in the binding 
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reactions. The selection conditions were modified so that the recovery rates of phage 
from the controls were less than 0.01 %. Under our selection conditions, we observed a 
high enrichment of RNA binding phage from the phage pool after just one round of 
selection compared to the low recovery rate from the control. Further rounds of selection 
appeared to yield no improvement in the enrichment of RNA binding phage, suggesting 
the peak enrichment round was reached (Figure 3-6). 
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Figure 3-6. Fractions of eluted phage from each selection cycle with U1 snRNA hairpin 
II as the bait (blue bars) along with eluted phage without the presence of RNA as controls 
(brown bars). In all cycles of selection, 50 µg of yeast tRNA was applied as the 
competitor, and RNA binding phage were specifically eluted with 50 µl free RNA for 1hr 
at room temperature (see materials and methods) 
      Randomly picked clones from selection cycles 2 and 3 revealed only three selected 
DNA sequences, possibly due to the small library size and stringent selection conditions 
we applied. It appeared that no selective bias occurred towards those protein sequences 
encoded by more than one genetic codon in our library because selected amino acids in 
all sequenced clones are encoded by only one unique genetic codon. Moreover, we have 
not found any native U1A coding sequence in those clones (Table 3-3). Taken together, 
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these results suggest that these sequences were isolated because of their high affinities for 
RNA under the applied selection conditions instead of the high frequency of occurrence 
of certain codons or contamination with the U1A wild type sequence. 
Table 3-3. Sequences of the selected U1 snRNA hairpin II binding phage.  
 
 
 
 
 
 
 
 
The native sequence of WT U1A (Asn15Asn16---Glu19) is coded for by the DNA 
sequence AACAAC---GAG in our phagemid vector. 
a 13 clones randomly picked from plates were sequenced from selection cycle 2. The 
numbers in parentheses indicate the occurrence of that sequence. The corresponding 
protein sequences are shown in bold. b 24 clones randomly picked from plates were 
sequenced from selection cycle 3.  
 
      The wild type U1A sequence (Asn15Asn16---Glu19) was identified in most of the 
sequenced clones from selection cycles 2 and 3 (Table 3-3). It was encoded by 
AATAAT---GAG instead of AACAAC---GAG in the native sequence of U1A. This 
result suggests these residues are preferred by U1A for RNA binding, and any changes at 
these positions results in reduced affinity for RNA. Interestingly, there is one U1A 
mutant E19D that was observed two times among 13 selected clones from selection cycle 
2. Asp is found in loop 1 of U2 B” at the same position as Glu19 in the U1A protein (10) 
and may, therefore, contribute to discrimination of  the loop IV of U2 RNA from the loop 
II of U1 RNA. In order to probe the effect of E19D on the stability of the U1A-RNA 
complex, this mutant was also expressed in E. coli and its binding affinity for RNA was 
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determined (Table 3-1). Not surprisingly, the E19D mutant binds tightly to RNA, with a 
KD of 0.26 nM. Although the affinity of E19D for RNA is higher than that of any other 
U1A mutants tested in this study, it is not as high as that of the wild type U1A protein. In 
contrast to the effect of E19A, the decrease in the free binding energy upon mutation of 
Glu19 to Asp was determined to be 0.82 kcal/mol. Asp contains the same carboxyl group 
on the side chain as Glu, with one fewer methylene group. This result suggests the 
occupancy of a residue with the carboxyl side chain at position 19 is critical for 
maintaining the stability of the U1A-RNA complex, and the side chain of Asp is still 
capable of contacting RNA in a similar geometry as Glu in the wild type U1A. But the 
distances between hydrogen bonding donors and hydrogen bonding acceptors have not 
been optimized, possibly due to restrictions caused by the four flanked residues (Figure 
3-4). We have observed these residues are helpful for orientating Glu19 outwards for the 
recognition of G4U RNA (see chapter 4). On the other hand, the shorter side chain of Asp 
might be beneficial for binding the loop IV of U2 RNA by U2B” (10), which has a 
similar recognition sequence as the loop II of U1 RNA, but has one additional base in the 
loop region. We propose this spatial arrangement of RNA might prefer a shorter carboxyl 
group for contacts with U2B” in order to maintain the integrity of the hydrogen bonding 
interactions. We also found one clone from selection cycle 3 containing His at position 
15 as a replacement of Asn in the wild type U1A protein (Table 3-3). This is interesting 
because His shows a similar arrangement of H-bond donor and acceptor as Asn. The 
selective advantage of His suggests His may contact RNA with a similar pattern as Asn at 
position 15 in the U1A protein.  
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3.3 Conclusions 
      We have identified a cluster of residues that is comprised of Asn15, Asn16 and Glu19 
that cooperatively contributes to the high affinity of the U1A-RNA complex. These 
positions are occupied by other residues in different members of the RRM family (38), 
suggesting they may be important for the high specificity of the U1A-RNA complex. 
Selection experiments demonstrate that these amino acids are required for the high 
affinity of RNA binding. Our analysis also shows that a cluster built by these residues 
forms a “hot spot” on the surface of U1A. This property could be general for RNA 
recognition by other RRMs. Considering the similar binding pattern of RNA recognition 
by RRMs and the widespread of RRMs in a large variety of biological processes, 
identification of these hot spots formed by energetically coupled residues could be used 
to rationally design small molecules or peptide mimics as inhibitors for controlling these 
processes. Our findings complement other investigations of long-range cooperative 
networks previously reported in the U1A-RNA complex. Taken together, these results 
define a complex series of cooperative networks involving residues identified by X-ray 
that make direct contacts with RNA. 
3.4 Materials and methods 
3.4.1 General procedure for purification of nucleic acids 
        Oligonucleotides and RNA were purchased from IDT and purified as follows: In a 
250 ml clean beaker, the following solutions (National Diagnostics) were mixed: 24 ml of 
sequaGel concentrate, 43.5 ml sequaGel Dilute and 7.5 ml sequaGel buffer. A 5 ml 
portion of the gel solution was removed for preparing the plug by addition of 10 µl 
tetramethylethylenediamine (TEMED) and 20 µl of 10 % ammonium persulfate (APS). 
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The solution was mixed well and poured quickly into the gap between the glass plates 
and allowed to polymerize for at least 10 min. The remaining acrylamide solution was 
used for preparing the resolving gel. Polymerization was initiated by addition of 140 µl of 
TEMED and 280 µl of 10 % APS. The gel was allowed to polymerize at least one hour 
before use.  
       After the polymerization was complete, the comb was removed carefully. The 
electrophoresis buffer chambers were filled with 1 x TBE buffer and the gel was pre-run 
for ~1 hr at 50 W. Samples were prepared by mixing equal volumes of 2 x formamide 
loading buffer (9 ml formamide, 1ml 10 x TBE, 0.0025 g xylene cyanol and 0.0025 g 
bromophenol blue) and the samples. Just before loading the samples, the wells of the gel 
were flushed with 1 x TBE to remove urea from the bottom of the wells. Samples were 
heated for 2 min at 90 ºC and loaded immediately to the wells. The gel was run at 50 W 
until the bromophenol blue tracking dye reached the bottom quarter of the gel (3-4 hr).  
        After electrophoresis, the gel was removed from the apparatus, the two plates were 
removed, and the gel was wrapped with a piece of plastic film. A TLC plate was placed 
under the gel, and the bands were visualized with a short wave length UV lamp. The 
bands were cut out with a clean scalpel and placed into autoclaved 2 ml Eppendorf tubes. 
The gel pieces were crushed to pulp with a 1 ml pipet tip and transferred into a few 
Eppendorf tubes containing 0.5 ml of 0.3 M sodium acetate (pH 5.2). Tubes were rocked 
for 10 hr (or over night) at room temperature and spun at full speed in a microcentrifuge 
for a minute to pellet the acrylamide fragments. 2 volumes of absolute ethanol was added 
to the supernatant, mixed well and let stand at –20 ºC for at least 2 hr. The solutions were 
centrifuged at 4 ºC at highest speed for 30 min. The supernatants were decanted and the 
 
60 
pellets were washed twice with 200 µl 70 % ethanol. The pellets were dried by speed vac. 
Finally, the dried pellets were dissolved in 1 x TE buffer and stored at –20 ºC. The 
concentrations were measured at 260 nm.  
3.4.2 Radiolabeling RNA 
        In a screw-cap tube, the following solutions were mixed: 5 pmoles of RNA (in <10 
µl of solution), 5 µl of [γ- 32 P] ATP, 2 µl of 10 x kinase buffer, 8 µl of water, and 1 µl of 
T4 polynucleotide kinase (10,000 units/ml, New England Biolabs, Inc.). The reaction was 
incubated at 37 ºC for 1.5 hr. After incubation, the reaction was diluted to 50 µl with 
water and extracted with 50 µl phenol/chloroform/isoamyl alcohol (25:24:1), and 50 µl of 
chloroform/alcohol (24:1) solution, respectively. 2 µl of 5M NaCl was added to the 
aqueous RNA solution, followed by 150 µl cold ethanol. The solution was mixed, kept on 
ice for 15 min and then spun at 4 ºC for 20 min (14k rpm). The supernatant was removed 
and the pellet was dissolved in 50 µl of water. Ethanol precipitation was repeated. The 
pellet was dried by removal of water by lyophilization and resuspended in 1 ml of 1 x TE 
buffer (final concentration: ~5 nM). The radiolabeled RNA was distributed in 10 µl 
aliquots and stored at –20 ºC. 
3.4.3 Isolation of dU-ssDNA template from the phagemid vector pKC  
       The U1A (2-102) coding sequence was obtained from Nagai (10) and inserted into 
the expression vector pAED 4. This constructed phagemid is called pKC. A His6 tag was 
inserted at the N-terminus of the U1A coding sequence in pKC. From a fresh plate 
(prepared the day before), a single colony of E. coli  CJ236 (dut-/ung-) harboring the 
pKC phagemid was picked and put into 1 ml of 2 x YT media supplemented with 
antibiotics ampicillin (50 µg/ml) and chloramphenicol (5 µg/ml) to maintain the host F’ 
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episome and the phagemid. Pure glucose (20 µl) was added to the culture to a final 
concentration of 2 % to inhibit transcription of gIII. After shaking at 200 rpm for 7-8 hr at 
37 ºC, helper phage M13K07 was added to the culture to a final concentration of 1010 
phage/ml. Shaking was continued at 200 rpm for an additional 15 min at 37 ºC. The 
culture was then transferred to 30 ml of 2 x YT/ampicillin/Uridine (0.25 µg/ml) and 
shaken overnight at 200 rpm at 37 ºC. After centrifugation for 10 min at 15k rpm at 4 ºC, 
the supernatant was transferred to a new Eppendorf tube containing 6 ml of PEG/NaCl. 
After incubation at room temperature for 0.5 hr, the phage pellet was collected by 
centrifugation for 10 min at 10k rpm at 4 ºC.  
         The phage pellet was resuspended in 0.5 ml of 1 x TBS (50 mM Tris, 150 mM 
NaCl, pH 7.5) and the solution was spun for 5 min at 15k rpm at 4 ºC to pellet insoluble 
matter. The supernatant was then transferred to a 1.5 ml tube. 7 µl of buffer MP (Qiagen 
spin M13 kit) was added and the solution was mixed well. After incubation at room 
temperature for at least 2 min, the sample was applied to a Qiaprep spin column and 
centrifuged for 15 s at 8k rpm. The flow-through was discarded and the membrane 
containing dU-ssDNA was washed and eluted following the recommended protocol by 
manufacturer. The eluted dU-ssDNA was analyzed by electrophoresing 1 µl on a 
TBE/agarose gel along with the parental phagemid and a DNA marker (Figure 3-7). The 
concentration of dU-ssDNA was determined by measuring absorbance at 260 nm (A260=1 
for 33 ng/ul of ssDNA).  
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Figure 3-7. Isolation of dU-ssDNA template from M13 phage. The 
eluted ssDNA were electrophoresed on a 1.0 % TBE/agarose gel 
containing ethidium bromide for DNA visualization. 
 
 
3.4.4 Ala mutations of U1A (Kunkel mutagenesis)  
       Mutations were introduced by standard Kunkel mutagenesis (Figure 3-8) using single 
oligonucleotides bearing Ala coding sequences (GCC and GCG) in designated positions 
(37). In a 1.5 ml microcentrifuge tube, the following solutions were combined: 30 pmole 
(~ 0.6 µg) of the mutagenic oligonucleotide, 2.0 µl of 10 x TM buffer (0.5 M Tris, 0.1 M 
MgCl2, pH 7.5), 4 µl of 10 mM ATP, 1.0 µl 100 mM DTT. Water was added to a total 
volume of 20 µl. 40 units of T4 polynucleotide kinase were added to the mixture, the 
solution was mixed well and incubated for 1 hr at 37 ºC.  To the 20 µl of phosphorylated 
reaction mixture, the following solutions were added: 10 pmol (~ 18 µg) of dU-ssDNA 
template, 25 µl of 10 x TM buffer, and water to a final volume of 250 µl. These 
conditions provided an oligonucleotide: template molar ratio of 3:1. The mixture was 
incubated at 90 °C for 2 min, 50-65 °C for 3 min, and room temperature for 5 min. To the 
annealed oligonucleotide/template mixture, the following solutions were added: 20 µl of 
10 mM ATP, 10 µl of 25 mM dNTPs, 15 µl 100 mM DTT, 12 weiss units T4 DNA 
ligase, and 50 units T7 DNA polymerase. The reaction was incubated at room 
temperature overnight. 
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          After the overnight incubation, 1.0 ml of buffer QG (Qiagen DNA purification kit) 
was added to the reaction. The reaction was mixed well and applied to two Qiaspin 
columns placed in 2 ml microcentrifuge tubes. After centrifugation at 13k rpm for 1 min, 
750 µl buffer PE was added to each column. The column was washed one more time and 
placed into a new 1.5 ml microcentrifuge tube. The heteroduplex DNA was eluted with 
35 µl of ultrapure water and analyzed by a TBE/agarose gel (Figure 3-9). 5 µl of the 
sample was sent out for sequencing at the Core DNA Sequencing Facility at UIUC.  
 
 
 
 
 
               
               Figure 3-8. Schematic diagram of Kunkel mutagenesis 
The following oligonucleotides were used to introduce Ala mutations into the vector: 
(N15A) 5’-CGCCCTAACCACACTATTTATATCGCCAACCTCAATGAGAAGATCA 
AG-3’; (N16A) 5’-CCTAACCACACTATTTATATCAACGCCCTCAATGAGAAGAT 
CAAGAAGG-3’; (E19A) 5’-TATTTATATCAACAACCTCAATGCGAAGATCAAG 
AAGGATGAGCTAA-3’; (E19D) 5’-CTATTTATATCAACAACCTCAATGATAGAT 
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CAAGAAGGATGAGC-3’; (N15A/N16A) 5'-CCACACTATTTATATCGCCGCCCT 
CAATGAGAAGATCAAG-3; (N15A/E19A) 5’-CCACACTATTTATATCGCCAACC 
TCAATGCGAAGATCAAGAAGGATGAG-3’; (N16A/E19A) 5’-CCACACTATTTAT 
ATCAACGCCCTCAATGCGAAGATCAAGAAGGATGAG-3’; (N15A/N16A/E19A) 
5’-CCACACTATTTATATCAACGCCCTCAATGCGAAGATCAAGAAGGATGAG-3’ 
 
Figure 3-9. Enzymatic synthesis of covalently closed circular, double-stranded DNA 
(CCC-dsDNA). The eluted heteroduplex DNA was electrophoresed on a 1.0 % 
TBE/agarose gel containing ethidium bromide for DNA visualization. 
3.4.5 Protein expression and purification 
       Proteins were overexpressed as His6-tagged fusions in the E. coli strain 
BL21(DE3)pLysS. To a 400 ml culture of log phase E. coli cells (OD600 ≈ 0.8) harboring 
the expression vector was added 1 mM isopropyl 1-thio-P-D-glactopyranoside. The 
 
65 
culture was grown for an additional 3 hr at 37 ºC. The cells were harvested by 
centrifugation at 4000 g. After freezing overnight at – 80 ºC, the cells were resuspended 
in 4-5 ml lysis buffer (10 mM imidazole, 500 mM NaCl, 50 mM NaH2PO4, 0.5 mM 
PMSF, pH 7.2) and lysed by ultrasonication with 30 s continuous pulses. The supernatant 
was isolated by centrifugation at 10000 g for 20 min and was filtered through a 0.45 µM 
membrane. The filtrate was loaded onto 0.5 ml bed volume of pre-equilibrated Ni2+-
agarose beads (Qiagen), the column was washed with gradient buffers seven times (20 
mM to 80 mM imidazole, 500 mM NaCl, 50 mM NaH2PO4, pH 7.2). The protein was 
eluted from the column with 1 ml elution buffer (250 mM imidazole, 200 mM NaCl, 50 
mM NaH2PO4, pH 7.2) and stored at –80 ºC with 20 % glycerol until use. The purity of 
proteins was estimated by SDS-PAGE (Figure 2-11) to be > 98 % and the identities were 
confirmed by ESI mass spectrometry (Figure 3-11 to Figure 3-19). All protein 
concentrations were determined spectrophotometrically with ε280 =5190 M-1 cm-1. 
 
 Figure 3-10. Analysis of the purity of the U1A mutants by 12 % SDS-PAGE. Molecular weight 
markers are in kDa 
 
66 
 
 
Figure 3-11. Electrospray ionization mass spectrum of the wild-type U1A protein. 
Calculated MW: 13755 Daltons. Observed MW: 13753 Daltons.   
 
Figure 3-12. Electrospray ionization mass spectrum of the U1A mutant N15A Calculated 
MW: 13712 Daltons. Observed MW: 13709 Daltons.   
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Figure 3-13. Electrospray ionization mass spectrum of the U1A mutant N16A. 
Calculated MW: 13712 Daltons. Observed MW: 13711 Daltons.   
 
Figure 3-14. Electrospray ionization mass spectrum of the U1A mutant E19A. 
Calculated MW: 13697 Daltons. Observed MW: 13697 Daltons.   
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Figure 3-15. Electrospray ionization mass spectrum of the U1A mutant E19D. 
Calculated MW: 13741 Daltons. Observed MW: 13739 Daltons.   
 
Figure 3-16. Electrospray ionization mass spectrum of the U1A mutant N15A/N16A. 
Calculated MW: 13669 Daltons. Observed MW: 13667 Daltons.   
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Figure 3-17. Electrospray ionization mass spectrum of the U1A mutant N15A/E19A. 
Calculated MW: 13654 Daltons. Observed MW: 13652 Daltons.   
 
 
Figure 3-18. Electrospray ionization mass spectrum of the U1A mutant N16A/E19A. 
Calculated MW: 13654 Daltons. Observed MW: 13652 Daltons.   
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Figure 3-19. Electrospray ionization mass spectrum of the U1A mutant 
N15A/N16A/E19A.  Calculated MW: 13611 Daltons. Observed MW: 13609 Daltons.   
3.4.6 Binding affinity assays 
        Electrophoretic mobility shift assays (EMSA) were used to determine the binding 
affinity of various U1A proteins for RNA. RNA was purchased from IDT and purified on 
a 10 % denaturing polyacrylamide gel. The RNA was then 5’ end-labeled with [γ-32P] 
ATP (PerkinElmer). For EMSA, a series of binding reactions comprising a serial dilution 
of the protein and 32P-labelled RNA (~18 pM) in 10 µl binding buffer (50 mM Tris, 150 
mM NaCl, 0.5 mM EDTA, 0.5 % Tween-20, 0.5 mM DTT, 4 % glycerol, 0.5 mg/ml 
tRNA, pH 7.4) were incubated at room temperature for 30 min. These reactions were 
then loaded onto an 8 % native polyacrylamide gel and electrophoresed for 30 min at 350 
V at 25 ºC. The first lane of the gel was always a control comprising of the labeled RNA 
alone. Gels were dried and analyzed using a Molecular Dynamics phosphoImager as 
previously described (39). KDs were calculated as the concentration of the protein with 50 
 
71 
% of the RNA bound by the software KaleidaGraph (Synergy Software, PA) with the 
equation: fraction bound  = 1/(1+KD/[P]). 
3.4.7 Construction of U1A-pIII phagemid library  
         A monovalent displayed U1A phage library was constructed as a g3p fusion using 
the Kunkel method (37). We applied the genetic code NNM to introduce randomization 
at target sites. This simplified genetic code reduces amino acid codon numbers and 
produces much more full-length protein fusion compared to the standard genetic code.  
Briefly, a synthetic oligonucleotide carrying degenerate codons NNM (N = G, C, A or T, 
M = G or T) at positions 15, 16 and 19 was annealed to the U-containing silent DNA 
template (a single-stranded DNA with stop codon TTAs inserted at positions 15, 16, 19). 
This template was isolated from a pCANTAB 5E phagemid vector (Amersham 
Pharmacia) containing cDNA of the N terminal RRM of U1A (see materials and methods 
3.4.3, Figures 3-20, 3-21). 
       After extension and ligation reactions, the generated circular form (Figure 2-23) of 
the new construct was transformed into E. coli XL1-Blue cells by electroporation 
followed by 15 min incubation at 37 ºC. The entire culture was then plated onto LB agar 
plates supplemented with 100 µg/ml of ampicillin and 2 % glucose. After overnight 
incubation, the grown clones were pooled together, and a fraction of pooled library 
containing ~6 x 105 clones in 25 µl of LB was amplified once in the presence of M13O7 
helper phage at 30 ºC for 18 hr (36).  The crude phage collected from the supernatant was 
purified twice by PEG precipitation. The recovered phage pellet was resuspended in 200 
µl binding buffer (10 mM Tris, 150 mM NaCl, 0.1 % BSA, 0.5 % Tween-20, pH 7.5) as 
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the original phage stock. The complexity of the phage library was proven by sequencing 
15 individual clones before amplification (sequences are not shown). 
 
Figure 3-20. Construction of the U1A phage library with randomizations at position 15, 
16 and 17 
 
Figure 3-21. In vitro synthesis of the U1A phage library. The eluted heteroduplex DNA 
were electrophoresed on a 1.0 % TBE/agarose gel containing ethidium bromide for DNA 
visualization. In the inactive phagemid, positions 15, 16 and 19 were replaced by three 
stop codons in order to terminate the protein expression. 
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Oligonucleotide sequence for making the inactive template (non-coding strand) (Figure 
3-21): 
5’ACTTTTTTAGCTCATCCTTCTTGATCTTTTAATTGAGTTATTAGATATAAATA
GTGTGGTTAGGGCGGGTCTCGG-3’ 
Degenerate oligonucleotide sequence for making the U1A phage library (non-coding 
strand) (Figure 3-21):           
5’-ACTTTTTTAGCTCATCCTTCTTGATCTTMNNATTGAGMNNMNNGATATAAA 
TAGTGTGGTTAGGGCGGGTCTCGG-3’                  
3.4.8 Detection of the displayed U1A library by western blotting 
        The identity and expression level of fusion proteins were confirmed by western 
blotting detecting the E-tag sequence immediately following the coding sequence of U1A 
in pCANTAB 5E (Figure 3-22).  In a 250 ml beaker, the following solutions were mixed: 
3.3 ml of 22.2 % acrylamide/0.6 % bisacrylamide, 3.8 ml of 1 M Tris-HCl (pH 8.8), 2.5 
ml of water, 100 µl of 10 % SDS, 50 µl of 10 % APS, and 5 µl of TEMED. The mixture 
was immediately poured into the gel apparatus, overlaid with about 200 µl of water and 
allowed to polymerize for about 30 min. Meanwhile, the stacking gel mix was prepared: 
1 ml of 22.2 % acrylamide/0.6 % bisacrylamide, 0.6 ml of 1 M Tris-HCl (pH 6.8), 3.3 ml 
of water, 50 µl of 10 % SDS, 25 µl of 10 % APS, and 5 µl of TEMED. The water was 
poured off of the gel before the stacking solution was poured onto the top of the gel, and 
the comb was inserted. The gel was allowed to polymerize for 30 min. 10 µl of 2 x SDS 
loading buffer was added to 10 µl of the phage stock, the mixture was heated at 95 ºC for 
5 min, and loaded onto the gel immediately. A pre-stained molecular weight marker was 
loaded into a neighboring well. The gel was run at 120 V until the blue dye in the loading 
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buffer reached the bottom of the gel. The proteins were then transferred to a pre-cut 
nitrocellulose membrane (0.45 µm, Schleicher & Schuell) in an electroblotting device 
(Trans-blot SD cell, Bio-rad) for 1 hr at 20 V as recommended by the manufacturer. After 
the transfer was complete, the membrane was blocked at least 1 hr with TBST buffer (50 
mM Tris, 150 mM NaCl, 0.1 % TW-20, 5 % milk, pH 7.5). After three washes, the HRP 
conjugated E-tag antibody (1: 5000 in TBST) was added to the membrane and incubated 
for 1 hr at room temperature. After three washes, the membrane was developed with 1-
Step Ultra TMB-ELISA (Pierce) for 15 min at room temperature.  
 
Figure 3-22. Western blotting analysis of the displayed U1A phage library. 20 µl of 
phage solution was loaded on a SDS-PAGE (8%). The blot was probed with an HRP-
conjugated antibody against the E-tag. The band marked with the arrow represents the 
full-length fusion protein containing the N-terminal RRM of U1A. Molecular weight 
makers are in kDa.  
 3.4.9 Phage display selection in vitro  
      Panning selections were performed on streptavidin-coated beads (Dynabeads M-280, 
Invitrogen) in an indirect capture manner. Briefly, 5’-Biotinylated 25-mer synthetic RNA 
 
75 
was purchased from IDT and purified by electrophoresis on a 10 % denaturing 
polyacrylamide gel. For every round of selection, 25 µl binding solution containing 
approximately 5.0 x 1011 phage, 2 fmole 5’- biotinylated RNA, 50 µg of yeast tRNA and 
20 units of Rnasin in binding buffer (10 mM Tris, 150 mM NaCl, 0.1 % BSA, 0.5 % 
Tween-20, pH 7.5) were incubated for 30 min at room temperature. The binding reaction 
was then transferred to 5 µl pre-washed streptavidin-coated beads and incubated for an 
additional 30 min with gentle shaking. The beads were washed 2-5 times with 1 ml cold 
binding buffer. The bound phage was eluted by incubation with 50 µl unlabeled RNA for 
1 hr at room temperature. The eluate was used to infect the log phase XL1-Blue cells by 
adding to 1 ml of the cells immediately for 20 min at 37 ºC. The phage were amplified as 
before and used immediately for the next round of selection. After 3 rounds of selection, 
individual clones randomly picked from plates were sent for sequencing at the Core DNA 
Sequencing Facility at UIUC. 
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CHAPTER 4 
SINGLE AMINO ACID SUBSTITUTIONS ALTER THE BINDING 
PROPERTIES OF THE HUMAN U1A PROTEIN 
4.1 Introduction 
     RNA binding proteins have developed a large diversity of functions through millions 
of years of evolution (1-6). However, most of them are constructed from only a few 
modular structures defined by different motifs (see Chapter 1). Single or multiple copies 
of these motifs create versatile binding surfaces through unique structural arrangements 
that allow specific recognition of different RNA structures and sequences (7). The RNA 
recognition motif (RRM) or ribonucleoprotein (RNP) is one of the largest and best 
characterized RNA binding protein families. More than 6000 RRMs have been identified 
in proteins involved in the regulation of diverse post-transcriptional activities, such as 
pre-mRNA splicing, editing, RNA stability and transport (4, 8). The RRM is usually 80-
90 residues long and consists of a conserved α/β fold featuring a four-stranded anti-
parallel β-sheet and two α-helices. The solvent-exposed β-sheet serves as the major 
binding platform for RNA recognition. Several highly conserved residues that interact 
with RNA have been identified in the β-sheet, giving the basal affinity of RNA binding 
(9-10). For example, Arg and Lys residues are usually found in the two conserved 
segments of the two central β strands in the β-sheet. These residues are capable of 
participating in electrostatic interactions with the phosphodiester backbone of RNA; Tyr 
and Phe are also conserved in these two β strands, and both make stacking interactions 
with RNA bases. All of these interactions are thought to be important to maintain the 
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stability of the RRM-RNA complex and help position the RNA in optimal orientations 
for interactions with other residues in the protein. 
     Although proteins containing RRMs use a conserved recognition surface to bind 
RNA, they have evolved to bind RNA with different specificities to achieve their 
designated functions (7). We reasoned that the different specificities could be partially 
due to residues that make base-specific contacts, but are not well conserved in the RRM 
family. We have chosen the N-terminal RRM of the U1A protein as our model system to 
explore the possibility of building RNA binding proteins with altered RNA specificity 
because U1A is well characterized and the interactions of U1A in complex with RNA are 
known in detail (11). The N-terminal RRM of the human U1A protein binds to a single-
stranded RNA element AUUGCAC in the U1 snRNA hairpin II loop with high affinity 
and specificity. A similar pattern has also been found for U1A binding to the 3’-
untranslated region (3’UTR) of its own pre-mRNA (12-13). The crystal structure of the 
complex with the U1 snRNA hairpin II loop has revealed a flat and complementary 
binding interface between U1A and RNA. In the complex, every base in the recognition 
element of RNA splays out and contacts its distinct recognition region of the protein, 
mainly via arrangements of hydrogen bonds and conserved stacking interactions (11).      
      Surprisingly, only a small set of interactions was identified on the binding interface to 
involve amino acid side chains of the U1A protein. The recognition of G4 in the 
AUUGCAC sequence of RNA appears crucial because it makes the most extensive 
hydrogen bonding interactions with the protein. The substitutions of G4 with other 
natural bases dramatically decrease the affinity of the complex by at least 10,000-fold 
(14-16). We have shown previously that the local cooperativity of Asn15, Asn16 and 
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Glu19 regulates the high affinity of U1A-RNA (see Chapter 3). All of these residues are 
involved in the recognition of G4 in the U1A-RNA complex (Figure 4-1). For example, 
the amide nitrogen of the side chain of Asn15 forms a specific hydrogen bond with N7 of 
G4. One oxygen of the carboxylate group of Glu19 forms a specific hydrogen bond with 
the 2-NH2 of G4, while the other oxygen contacts the 3-NH of U3. The side chain of 
Asn16 has no contact with G4, it forms a specific hydrogen bond with U3 of the RNA. 
But its presence at position 16 appears important for the rigidity of the backbone of the 
protein in this region, because there is no energetic coupling between Asn15 and Asn16 
in the wild type U1A protein (see Chapter 3). This could be crucial for the formation of 
two hydrogen bonds between functional groups in the main chain of the U1A protein and 
O6 of G4 (Figure 4-1).   
                                        
Figure 4-1. Structural representation of hydrogen bonding interactions between Asn 15, 
Asn 16 and Glu 19 of U1A and G4 of U1 snRNA hairpin II. The hydrogen bonding 
interactions are shown by solid lines.  
     Given the specific contacts and spatial arrangements of residues involved in the 
recognition of G4, we wondered if the disruption of the binding interface due to 
mutations at G4 of the cognate RNA could be restored by selective mutations of the U1A 
protein. We explored this question by performing a phage display selection of a U1A 
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library with randomization at positions 15, 16 and 19, which are the residues (Asn15, 
Asn16, Glu19) involved in the recognition of G4 in the wild type U1A-RNA complex. 
The RNA targets for phage selection were G4A RNA, G4U RNA and G4C RNA. 
4.2 Results and discussion 
      The use of the modular structure of a highly conserved protein family to design 
proteins with novel binding properties attracts great interests in the field of biomedical 
research (17-21). The N-terminal RRM of U1A represents one of the most abundant 
RNA binding motifs, and it binds to its cognate RNA specifically using the conserved 
binding surface. On the flat and complementary binding interface of the U1A-RNA 
complex, there are numerous interactions that are involved in the recognition of the 
cognate RNA (11). We are interested in G4 recognition because it involves two base 
contacts with side chains of amino acids in the U1A protein. Selective mutations of two 
base recognition residues have been shown to efficiently alter the specificity of Pumilio 
repeats (22). To isolate U1A mutants with desired affinities for RNA containing G4A, 
G4C or G4U mutations, we applied the U1A phage library constructed previously (see 
Chapter 2) for selecting binding phage for these RNA mutants. In this library, Asn15 and 
Glu19 have been randomized. These residues make specific hydrogen bonding contacts 
with G4 in the wild type complex. Position 16 was also randomized which allows subtle 
structural recognition of the backbone of the protein in this region. This could be 
beneficial for recognition of other bases at the G4 position since it permits optimal 
orientation of selected residue at position 15 for easy access.  In the wild type U1A-RNA 
complex, O6 in the carbonyl group of G4 forms two hydrogen bonding interactions 
(direct and water-mediated) with the backbone of Asn16 and Leu17, which further 
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stabilize the U1A-RNA complex (11).  Structural disturbance of the backbone in this 
region would also allow possible non-specific contacts with the new base at G4 position.   
4.2.1 Phage display selections and ELISA 
      Phage display selections were performed by an indirect capture method in order to 
precisely control the desired affinity with RNA sequences bearing G4U, G4A or G4U 
substitutions (23). The eluted U1A phage from selection cycles were monitored by 
comparing the recovery percentage from each selection. A control experiment without the 
added RNA target in the binding reaction was not performed as previously because the 
selection conditions have been optimized so that the U1A phage library has a low 
retention rate to the surface of the beads (see Chapter 2).  Bound phage were eluted with 
unlabelled RNA to minimize the recovery of non-specifically bound phage. This is 
crucial for the initial selection, because even a small portion of these background binding 
phage will be co-amplified along with “authentic” binders. These “false positives” will 
increase the complexity of the amplified phage library and interfere with the following 
rounds of selections. We failed to recover the wild type U1A phage using glycine elution 
buffer (0.2 M glycine-HCl, pH 2.2, 1 mg/ml BSA) from the immobilized wild type RNA, 
even though the wild type U1A phage showed to be dominant in the library (data not 
shown), suggesting a specific elution buffer is required for efficient selections. Using ≈ 2 
fmol of biotinalyted RNA as the bait for the initial selection, we only observed 
enrichment of G4U binding phage in the first three rounds of selection (Figure 4-2). We 
were not able to enrich any binding proteins from selections using G4A or G4C RNA as 
targets. The failure of recovery of G4A or G4C binding proteins may result from the poor 
flexibility of the randomized position and the “hard to access” hydrogen bond donors and 
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acceptors due to the spatial orientations of A or C bases in the mutated RNA, implying a 
limited adaptability of U1A at these positions.  
 
A                                                                                          B 
 
Figure 4-2. (A). Fractions of eluted phage from each selection cycle with the G4U RNA 
mutant as the bait (blue bars). Selections were repeated twice. In all cycles of selection, 
50 µg of yeast tRNA was applied as the competitor, and RNA binding phage were 
specifically eluted with 50 µl free G4U RNA for 1h at room temperature (see materials 
and methods). (B). Secondary structure of U1 snRNA hairpin II mutant (G4U) applied in 
the phage selections. G4 was substituted by U (highlighted in red) in the RNA sequence 
and the mutated RNA was biotinylated at the 5’-end. The recognition sequence is shown 
in boldface. 
      We sequenced nine clones from the enriched pool from the third panning for G4U as 
the target (Table 4-1). All selected sequences have Asn at position 16, consistent with its 
role forming a specific base contact with U3, which is intact in the G4U RNA. Asn is 
preferred at position 15 for G4U binding since it was found seven times in nine 
sequenced clones. No specific residue preferences were observed for position 19. In order 
to isolate phage with higher affinity for the G4U RNA target, we applied a 10-fold lower 
amount of G4U RNA (≈ 0.2 fmol) in the fourth round panning. As a result of this 
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increased selection pressure, only two U1A mutants with a single-point mutation at 
position 19, either E19Q or E19H were recovered. Asn residues were retained at both 
positions 15 and 16 in the sequenced clones from the fourth round of panning.  
Table 4-1. Sequences of G4U RNA binding phage. 
 
The native sequence of the wild-type U1A is Asn15Asn16---Glu19 
a 9 clones randomly picked from plates were sequenced from selection cycle 3. The 
numbers in parentheses indicate the occurrence of that indicated sequence. The 
corresponding protein sequences are shown in bold. b 16 clones randomly picked from 
plates were sequenced from selection cycle 4. 
        These two selected U1A mutants, E19Q and E19H were subjected to phage-based 
ELISA with a microtier plate (streptavidin-coated) pre-coated with the biotinylated G4U 
RNA. The wild-type U1A phage showed essentially no binding to G4U RNA under 
applied conditions. E19Q and E19H phage exhibited dramatically greater affinity to G4U 
RNA compared to the wild type U1A phage, as shown by the intense absorbance at 450 
nm (Figure 4-3). These observations qualitatively validate the results from the panning 
experiments. 
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Figure 4-3. Phage-ELISA assays of the 
isolated G4U binding phage. Assays were 
performed in duplicate. All wells were 
coated with the biotinylated G4U RNA (5 
µg/ml, 50 µl/well), 100 µl anti-M13 HRP-
conjugated antibody (1:5000 in wash 
buffer) was applied to each well. Assays 
were developed with 1-Step Ultra TMB-
ELISA (Pierce) (see materials and 
methods). 
 
4.2.2 Binding properties of selected U1A mutants 
       To evaluate whether the phage display experiments selected U1A mutants with 
higher affinity for G4U RNA than the wild type U1A protein, we expressed E19Q and 
E19H U1A mutants (Figure 4-4 and Table 4-2). SDS-PAGE analysis confirmed the high 
purity of the protein preparations, and the identities of proteins were confirmed by ESI 
mass spectrometry (see materials and methods).  
       The wild-type U1A protein binds weakly affinity to G4U RNA (KD > 2.1 µM). 
Compared to the wild type RNA, the G4U mutation destabilizes the complex by at least 
6.4 kcal/mol in binding energy. E19Q and E19H U1A mutants enriched from the rounds 
of phage selection binds to G4U 50-fold and 30-fold more tightly than does the wild-type 
U1A, as shown by 2.3 kcal/mol and 2 kcal/mol increases in binding energy, respectively. 
Compared to Glu, the side chain of His is more constrained, and this could be responsible 
for the observed higher affinity of E19Q compared to E19H to G4U RNA.  
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Figure 4-4. Representative electrophoretic mobility shift assays of U1A and its mutants 
in complex with G4U RNA. Samples from a 4-fold serial dilution of U1A were incubated 
with 32P-labeled G4U RNA at room temperature for 30 min.  The shifted bands were 
resolved by electrophoresis on an 8 % native polyacrylamide gel. Control reactions 
without added protein were loaded in the first lane on the left side of each gel. 
       
       Asn15 and Asn16 are located at the tip of the β1 strand of the U1A protein (11). 
Selections of both residues suggest that together they can tolerate U at the G4 position 
better than any other combinations of residues at positions 15 and 16. They may even 
make new contacts with the mutated G4U RNA. In the U1A-RNA complex, besides the 
contact between the protein backbone and G4 of the RNA, the side chain amino group of 
Asn16 also forms a hydrogen bond with N3 of U3 of the wild type RNA, which was kept 
intact in the mutated G4U RNA. This original contact should be maintained by the 
selection of Asn at position 16. Among all 20 natural amino acids, Gln contains the same 
functional side chain as Asn, only with one additional methylene group longer. It was not 
selected at position 16, suggesting that the integrity of the spatial orientation of the 
mutated RNA loop was maintained in the mutant complex. The hydrogen bond between 
Asn16 and N3 of RNA U3 contributes no more than 1 kcal/mol of binding energy in the 
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wild type U1A-RNA complex (see Chapter 3), its selection at position 16 from phage 
pannings suggests our customized selection protocol is sensitive to small binding energy 
changes, and the randomization at position 16 may serve as an internal control of other 
U1A libraries for selection of mutated RNA binding proteins, providing U3 of RNA is 
kept intact. We were surprised to see Asn become dominant at position 15 after four 
rounds of selection. It forms a specific base contact with G4 in the wild type U1A-RNA 
complex. One explanation for this observation is that O3 of U4 was oriented to make a 
specific contact with the side chain of Asn.  
        The wild-type U1A binds poorly to RNA sequences containing G4C, G4A, or G4U 
mutations (14-16). The affinity (KD) of the U1A protein for G4U RNA has been 
estimated to be approximately 2.1 µM, indicating G4U decreases the affinity of the wild-
type U1A by at least 40000-fold. Since Asn15 and Asn16 are selected for binding to G4U 
RNA, this large decrease in affinity caused by the G4U mutation is of complex origins. A 
simple perturbation of the binding interface by eliminating hydrogen bonding interactions 
is not a sufficient explanation for the destabilization observed of the complex formed 
with G4U RNA.  We propose a steric clash may occur in the binding interface of the 
complex where Glu19 is located upon G4U substitution, possibly between the newly 
introduced carbonyl group of U4 with the carboxyl group of Glu19. To investigate our 
hypothesis, we measured the E19A (prepared previously, see Chapter 3) affinity for G4U 
RNA. The binding energy for the E19A-G4U complex is 8.2 kcal/mol, which is 0.5 
kcal/mol higher than the binding energy of the wild type U1A-G4U complex, supporting 
our hypothesis. 
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Table 4-2. RNA binding properties of U1A and U1A mutants 
 
a  KD is the mean of at least three separate determinations. The standard deviation of these 
measurements is given.b ΔG is the free binding energy of the protein in complex with 
RNA calculated by the equation ΔG=-RTlnKD, where T=298K. c ΔΔG is the change in 
free binding energy upon G4U mutation. d We were not able to observe enough bands in 
the bound form in gels due to the low affinity to evaluate a full binding curve. The 
affinity of WT-G4U was estimated as the concentration of the protein in the sample 
containing bound protein. The affinities of the wild type U1A and E19A to the wild type 
RNA were determined previously (see Chapter 3). 
              The side chain of Glu19 also makes a specific base contact with U2 in the wild-type 
U1A-RNA complex. This contact should be maintained and may be responsible for 
positioning Glu19 close to its original orientation and thus, clashing with the carbonyl 
group of U4. This spatial clash could be worsened by the limited flexibility of U4 due to 
its possible contact with Asn15. Compared to the affinity of the E19A U1A mutant for 
G4U RNA, the substitution of Q or H at position 19 increases the binding energy of the 
complex by 1.8 or 1.5 kcal/mol. This data is consistent with the formation of two 
nonlinear hydrogen bonds by Gln or His at position 19 in the U1A mutants. These two 
residues have a similar arrangement of hydrogen bond donors and acceptors, even though 
they have different side-chain structures. We propose these two hydrogen bonds in the 
newly formed binding interface mimic two original ones formed between Glu19 and two 
bases, U2 and G4, in the wild type complex (Figure 4-1). However, the orientations have 
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not been optimized, which may result in the weaker strength of these two hydrogen bonds 
than those (2.3 kcal/mol for E19A mutation) in the wild type complex (see Table 3-1 in 
Chapter 3). Structural characterization of E19Q or E19H U1A mutants in complex with 
G4U RNA will be necessary to provide evidence to these hypotheses. We attempted to 
increase the stability of the E19Q-G4U complex by randomizing the two flanking 
residues on the each side of Gln19 (positions 17, 18, 20 and 21) in the hope of optimizing 
the two hydrogen bonding interactions mentioned above. With more stringent selection 
conditions, no higher affinity binders were isolated after 5 rounds of selection.           
      We were not able to attain comparable affinities of U1A mutants (E19Q and E19H) 
for G4U as is observed for the wild type U1A for the cognate RNA. Upon G4U mutation, 
we lose most of the contacts originally made by G4 due to smaller size and limited 
number of hydrogen bond donors and acceptors on U4. To determine if these selected 
U1A mutants can bind to G4U specifically, we measured the affinities of two mutants to 
the cognate wild-type RNA (Figure 4-5 and Table 4-2). Both the E19Q and E19H U1A 
mutants show higher affinity for the wild type RNA than for the G4U RNA mutant. 
E19Q binds to the cognate RNA with a KD of 3.1 nM, it binds to G4U with a KD of 43 
nM. E19H binds to the cognate RNA with a KD of 12 nM, lower than E19Q. Its affinity 
for G4U is shown by a KD of 75 nM. Although E19Q or E19H are not able to reverse the 
specificity of the mutant RNA versus the wild-type RNA, interestingly, their presence at 
position 19 significantly lessens the binding specificity of the wild-type U1A for G4 (see 
the last column in Table 4-2). For example, the wild-type U1A binds to the cognate RNA 
with 14 kcal/mol of binding energy. It binds to the G4U RNA mutant with 7.7 kcal/mol 
of binding energy, suggesting the wild-type U1A strongly prefers to bind to the cognate 
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RNA. A substitution at position 19 by His shrinks this preference from 6.3 kcal/mol to 
1.1 kcal/mol. To reverse the specificity of these mutants, another base will be necessarily 
mutated, possibly at A1, U3 or U4 positions. Interactions between these bases and the 
wild-type U1A involve at least one side chain of the protein. Since these bases are 
separately recognized by discrete segments of the U1A protein, it is possible to isolate 
binding proteins to designated RNA mutations independently. Those selected residues 
favorable to mutated RNA binding could be combined to recognize new RNA sequences 
with higher specificity than the wild type protein. 
 
 
Figure 4-5. Representative electrophoretic mobility shift assays of the E19Q and E19H 
U1A mutants in complex with the wild type RNA. Samples from a 4-fold serial dilution 
of the protein were incubated with 32P-labeled RNA at room temperature for 30 min.  The 
shifted bands were resolved by electrophoresis on an 8% native polyacrylamide gel. 
Control reactions without added protein were loaded in the first lane on the left side of 
each gel. 
4.3 Conclusions       
      In this study, we demonstrate that Glu at position 19 in the human U1A protein is a 
key residue for the specific recognition of G4 in the cognate RNA. Selective substitutions 
at position 19 can alter U1A to bind to a non-cognate G4U RNA mutant with much 
higher affinity than does the wild-type U1A protein. Asn15 and Asn16, although they are 
involved in the recognition of G4, are less crucial for specific recognition of G. Whether 
we can apply the same strategy to select protein binders for other bases in the recognition 
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element of RNA remains to be tested. With our phage display protocols, we can easily 
construct phage libraries at approximate 107 (the number of individual clones) to achieve 
complete randomization within 5 target sites. We have also modified the Kunkel method 
to allow us to randomize sites distant from each other in the primary sequence of the U1A 
protein. All of these facts provide important tools for designing new U1A-like proteins 
with more desirable binding properties. 
4.4 Materials and methods 
4.4.1 Phage display selection in vitro  
          Biopanning experiments were performed as described in Chapter 2. Briefly, ≈ 5.0 
X 1011 phage were mixed gently with ≈ 2 fmole 5’- biotinylated RNA bearing a G4 
mutation (G4A, G4C or G4U) in 30 µl binding buffer (10 mM Tris, 150 mM NaCl, 0.1 % 
BSA, 0.5% Tween-20, 50 µg of yeast tRNA and 20 units of Rnasin, pH 7.5) for 30 min at 
room temperature. An 8 µl aliquot of pre-washed streptavidin-coated beads was then 
added to the binding reaction, and the mixture was incubated for an additional 30 min 
with shaking. The beads were pelleted by an applied magnetic field, and washed 2-5 
times with 1 ml cold wash buffer (10 mM Tris, 150 mM NaCl, 0.1 % BSA, 0.5% Tween-
20, pH 7.5). Bound phage were eluted by incubation with 50 µl corresponding unlabeled 
RNA for 1 hr at room temperature. The eluate was used to infect the log phase XL1-Blue 
cells as described in Chapter 2. For the fourth round of selection, only 0.2 fmole 5’- 
biotinylated G4U RNA was applied to select RNA-binding phage with higher affinity.  
4.4.2 Phage-ELISA 
     To validate the binding properties of the selected clones for the G4U RNA mutant 
from the U1A phage library, we performed phage ELISA. All purified phage solutions 
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were prepared from single well-isolated clones of E. coli XL1-B to avoid cross-
contamination. Wells on a streptavidin-coated plate (Pierce) were coated with 50 µl 5’- 
biotinylated G4U RNA at 5 µg/ml in wash buffer (10 mM Tris, 150 mM NaCl, 0.1 % 
BSA, 0.5 % Tween-20, pH 7.5) for 1 hr at room temperature with gentle shaking. After 
washing three times with 200 µl wash buffer, 100 µl of phage solutions (1.0 X 1012 
phage/ml) were added to the designated wells. We applied 100 µl wash buffer to one well 
and the same concentration of helper phage to another as controls. After incubation for an 
additional 30 min, unbound phage were washed off. Anti-M13/horseradish peroxidase 
conjugate (100 µl, 1:5000 in wash buffer) was then added to wells and incubated for 1 hr. 
After three washes, assays were developed with 1-Step Ultra TMB-ELISA (Pierce) for 15 
min at room temperature. Reactions were stopped with 100 µl 2 M sulfuric acid and read 
spectrophotometrically at 450 nm.  
4.4.3 Protein mutagenesis and purification 
     The expression vectors for U1A mutants E19Q, E19H were constructed by the Kunkel 
method (Figure 4-6). Proteins were expressed as His6-tagged fusions in E. coli strain 
BL21(DE3)pLysS and purified (Figures 4-7, 4-8 and 4-9). These protocols are described 
in detail in Chapter 3. 
 
Figure 4-6. Enzymatic synthesis of covalently closed circular, 
double-stranded DNA containing E19Q and E19H mutations. 
The eluted heteroduplex DNA was electrophoresed on a 1.0 % 
TBE/agarose gel containing ethidium bromide for DNA 
visualization. 
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Figure 4-7. Analysis of the purity of  E19Q and E19H 
U1A mutants by 12 % SDS-PAGE. Molecular weight 
markers are in kDa 
 
 
 
 
 
 
Figure 4-8. Electrospray ionization mass spectrum of E19Q U1A mutant. Calculated 
MW: 13754 Daltons. Observed MW: 13752 Daltons.   
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Figure 4-9. Electrospray ionization mass spectrum of E19Q U1A mutant. Calculated 
MW: 13764 Daltons. Observed MW: 13762 Daltons.   
4.4.4 Binding affinity assays 
     Electrophoretic mobility shift assays (EMSA) were used to determine the binding 
constants of proteins to RNA as described in Chapter 3. The affinities of the wild type 
U1A and E19A to the wild type RNA were determined previously (see Chapter 3).  
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CHAPTER 5 
IDENTIFICATION OF DOMAINS OF CUG-BP1 
REQUIRED FOR GRE BINDING 
5.1 Introduction 
     CUG-binding protein 1 (CUG-BP1) was first identified as a protein that binds to 
expanded CUG repeats in the 3’- untranslated region  (3’-UTR) of dystrophia myotonia-
protein kinase (DMPK) gene (1-2). The elevated expression level of this protein is 
thought to contribute to muscle weakness, myotonia and insulin resistance of myotonic 
dystrophy type 1 (DM1) (3-5).  CUG-BP1 participates in the regulation of post-
transcriptional processing of mRNA. For example, in chickens and humans, CUG-BP1 
has been shown to bind to GU rich repeats in the cardiac troponin T (cTNT) gene to 
regulate MSE (muscle-specific splicing enhancer)-dependent exon inclusion during pre-
mRNA splicing (6-8). In the Xenopus oocyte, the EDEN-binding protein (EDEN-BP, the 
X. laevis ortholog of CUP-BP1) acts as a trans-acting factor to accelerate the 
deadenylation of the Eg5 mRNA by binding to a UR rich repeat in the embryo 
deadenylation element (EDEN) (9). CUG-BP1 has also been reported to bind to a GU 
rich region in both C/EBPβ and p21 mRNAs to enhance mRNA translation and stability 
(10).    
     Recently, a new function of CUG-BP1 has been revealed in which CUG-BP1 acts as a 
functional mRNA decay-promoting RNA binding protein by recognizing a GU rich 
element (GRE) in the 3’-UTR of transcripts in primary human T cells (11). As the best 
characterized example of selective mRNA decay mechanisms, AU rich elements (AREs) 
were found to be conserved in a variety of short-lived transcripts for encoding transient 
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proteins required for inflammatory responses, stress response, cell division and 
proliferation (12-13).  Many ARE-binding proteins (ARE-BPs) have been identified to 
participate in the ARE-directed rapid mRNA decay and have provided insight into the 
functional role of these RNA-binding proteins in RNA metabolism and gene expression. 
In their recent study, Bohjanen and coworkers found many transcripts that showed rapid 
decay in activated T cells, but did not contain AREs or other known RNA regulatory 
elements. They identified a new consensus decay-signaling sequence UGUUUGUUUGU 
in a 3’-untranslated region of these transcripts. Through supershift and 
immunoprecipitation assays, CUG-BP1 was shown to be the major binding protein 
interacting with the GRE in cytoplasmic extracts from primary human T cells.  
Knockdown of CUB-BP1 by RNA interference stabilized the mRNA transcripts 
containing GREs, suggesting GRE-dependent mRNA decay is mediated by the 
association with CUG-BP1 (11). These findings reveal a novel mRNA decay mechanism 
and provide more insight into understanding of regulated gene expression by a conserved 
pathway that selectively mediates mRNA decay. 
      CUG-BP1 is a member of Bruno-like protein family (8, 14-15). It has a unique 
domain structure comprised of three RNA recognition motifs (RRMs): two closely 
spaced RRMs (RRM1 and RRM2) near the N-terminus and a single RRM (RRM3) at the 
C-terminus, linked by a 208-residue divergent domain (Figure 5-1) (8). Besides the GRE 
element described above, at least three other target RNA sequences, namely CUG, UG 
and UA repeats, have been identified as RNA targets of CUG-BP1 (16-17). In different 
biological contexts, the three RRMs of CUG-BP1 exhibit distinct binding preferences for 
RNA targets by using various combinations of these RRM modules. For example, the 
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two consecutive RRMs (RRM1 and RRM2) at the N-terminus of the protein 
cooperatively recognize CUG repeats, but RRM1 and RRM2 individually have no 
affinity for CUG repeats (16-17). RRM3 itself also does not bind to CUG repeats, but it 
does bind to UG repeats (17). Either RRM1 or RRM2 of CELF4, another Bruno-like 
protein, is able to bind to UG rich element within MSEs. A peptide comprised of RRM2 
and 66 residues of the divergent linker shows efficient MSE-dependent splicing in vivo 
that is comparable to the full-length protein (18). In this study, we have performed a 
deletion analysis of CUGBP1 to define the contributions of individual RRMs and RRM 
combinations to the high stability of the complex formed between CUG-BP1 and the 
GRE sequence. 
          
    
               Figure 5-1. Schematic diagram of deletion mutants of CUG-BP1. 
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5.2 Preliminary results 
      CUG-BP1 has been shown to act as a trans-acting factor that mediates GRE-
dependent mRNA decay in primary human T cells. It binds specifically to GRE 
sequences with high affinity (11). Although the three RRMs of CUG-BP1 maintain the 
same structural topology as other RRMs, they have little sequence similarity (8), 
suggesting they may contribute differently to the affinity of CUG-BP1 for GRE 
sequences. RRM1 and RRM2 have been shown to efficiently bind to a UG repeat in 
CELF4 through a yeast three-hybrid assay (18).     
       Several deletion mutants of CUG-BP1 have been constructed (Figure 5-1) and their 
individual contributions to the affinity for the GRE sequence were analyzed. These 
proteins were overexpressed in E. coli cells with a histidine tag fused at the N-terminus. 
We were not able to obtain pure full-length CUG-BP1 (Figure 5-2). CUG-BP1 is 480 
residues long, and the impurities below the major band could be due to the premature 
termination of transcription or translation. This phenomenon has been observed 
previously with the purification of the N-terminal His-tagged CUG-BP1 in another 
expression vector (pTRC) (19). All of the deletion mutants of CUG-BP1 that contain only 
the RRM sequences (T1-T4) were expressed well and purified to > 95% (Figure 5-3, lane 
2-5). T6 and T7, which contain the divergent domain and RRM3, failed to express 
(Figure 5-3, lane 6 and 8). T5, which is comprised of RRM1, RRM2, and the divergent 
domain, showed multiple bands on SDS-PAGE after freshly eluted from the Ni2+ column, 
it is subjected to proteolytic cleavage (Figure 5-3, lane 7). Interestingly, the size of the 
cleaved form is comparable to that of T4. All these observations suggest RRM1 and 
RRM2 may be important for maintaining the stability of the full-length protein. 
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Figure 5-2. Coomassie blue staining of the purified 
  recombinant CUG-BP1. 
 Lane 1: molecular weight markers in kDa.  
Lane 2: the recombinant CUG-BP1. 
 
 
 
 
Figure 5-3. Coomassie blue staining of 
the purified deletion mutants of CUG-
BP1.  
Lane 1: molecular weight markers in 
kDa. Lane 2: T1. Lane 3: T2. Lane 4: 
T3. Lane 5: T4. Lane 6: T6. Lane 7: T5. 
Lane 8: T7.  
 
      To determine whether these purified fragments of CUG-BP1 (T1, T2, T3 and T4) 
could bind to the GRE sequence, we analyzed their affinities to the RNA target by EMSA 
(Figure 5-4, Table 5-1). Two complexes were formed with increasing concentrations of 
deletion mutants, consistent with previously reported observations (19-21). The lanes for 
free RNA showed two distinct bands, possibly due to heterogeneity in the RNA 
population. The full-length CUG-BP1 showed high affinity for GRE as shown by 
multiple bands of the bound complexes; the KD was estimated to approximately 1.6 nM. 
RRM1 (T1) itself only forms the complex with GRE at the highest concentration of 
recombinant protein applied. The KD was estimated to be approximately 150 µM. RRM 2 
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(T2) showed much higher affinity for GRE than RRM1, with a KD of 8.6 µM. The 
peptide comprised of RRM1 and RRM2 (T4) binds with similar affinity for GRE as 
RRM2, suggesting RRM1 is not require for GRE recognition. RRM1 of CUG-BP1 has 
been shown to be important for the recognition of UG repeats and CUG repeats (16-17). 
The KD of RRM3 for GRE is 0.87 µM, the smallest among all three RRMs evaluated. 
This value is similar to the recently reported KD of RRM3 for a short UG repeat, 
suggesting the binding mechanism of recognition of UG repeats and GRE may be similar. 
Among the three RRMs of CUG-BP1, the sequence of RRM3 is highly conserved within 
all Bruno-like proteins (15). It is likely that RRM3 and RRM2 cooperatively bind to the 
GRE sequence, while RRM3 contributes the majority of binding energy to the complex 
between CUG-BP1 and GRE. Further investigation of RNA binding by RRM3 itself will 
be important for elucidating the functions of CUG-BP1 and other Bruno-like proteins. 
The crystal structure of human CUG-BP1 RRM3 bound to a UG repeat (UGUGUG) has 
appeared recently (22).  
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Figure 5-4. Representative electrophoretic mobility shift assays of CUG-BP1 and its 
deletion mutants in complex with the GRE sequence. Samples from a 3-fold serial 
dilution of the designated protein were incubated with 32P-labeled GRE at room 
temperature for 30 min.  The shifted bands were resolved by electrophoresis on an 8% 
native polyacrylamide gel (a 6 % native polyacrylamide gel was used for the full-length 
CUG-BP1). Control reactions without added protein were loaded in the first lane on the 
left side of each gel. 
Table 5-1. GRE binding properties of CUG-BP1 and its deletion mutants 
 
a  KD is the mean of at least three separate determinations. The standard deviation of these 
measurements is given.b ΔG is the free binding energy of the protein in complex with 
RNA calculated by the equation ΔG=-RTlnKD, where T=298K. c We cannot determine 
the concentration of CUG-BP1 accurately due to the impurities. d We were not able to 
observe enough bands in the bound form to evaluate a full binding curve due to the low 
affinity. The affinity was estimated as the concentration of the protein in the sample 
containing bound protein.  
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5.3 Materials and methods 
5.3.1 Expression vectors 
      Individual deletion mutants of CUG-BP1 were defined as follows: T1 (Met1-Ser99), 
T2 (Asp107-Thr189), T3 (Ala398-Asp480), T4 (Met1-Thr189), T5 (Met1-Gly397), T6     
(Asp107-Asp480), T7 (Gln190-Asp480). The DNA fragments encoding these deletion 
mutants were amplified by PCR (Figure 5-5) from the full-length cDNA clone in pET-
15b (obtained from Professor Swanson at University of Florida) and cloned back into the 
expression vector pET-15b between the BamHI and NdeI sites. pET-15b contains a His 
affinity tag upstream of the BamHI site. All cloned DNA sequences were confirmed by 
sequencing.    
 
Figure 5-5. PCR of DNA fragments encoding 
deletion mutants of CUG-BP1. The amplified DNA 
was electrophoresed on a 1.0% TBE/agarose gel 
containing ethidium bromide for DNA visualization.  
 
 
  
The forward and reverse primers for PCR were purchased from IDT and purified by 12 % 
denaturing PAGE (see the protocol in Chapter 3). The sequences are listed as follows: 
T1: 5’-GGAATTCCATATGATGAACGGCACCCTG-3’ (forward) 
       5’-CGGGATCCTCAACTGTCAGCAGG-3’ (reverse)  
T2: 5’-GGAATTCCATATGATGGACAGGAAGCTGTTTATTG-3’(forward)  
       5’-CGGGATCCTCATGTATCAGCAAATTTTACCAC-3’(reverse) 
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T3:  5’-GGAATTCCATATGATGGCCAACCTGTTCATC-3’ (forward) 
        5’-CGGGATCCTCAGTAGGGCTTGCTG-3’(reverse)  
T4:  5’-GGAATTCCATATGATGAACGGCACCCTG-3’ (forward) 
        5’-CGGGATCCTCATGTATCAGCAAATTTTACCAC-3’(reverse) 
T5: 5’-GGAATTCCATATGATGAACGGCACCCTG-3’ (forward)  
        5’-CGGGATCCTCATCCCTCTGGACC-3’ (reverse) 
T6: 5’-GGAATTCCATATGATGGACAGGAAGCTGTTTATTG-3’(forward)  
        5’-CGGGATCCTCAGTAGGGCTTGCTG-3’(reverse) 
T7: 5’-GGAATTCCATATGATGCAGAAGGACAAAGAACAG-3’ (forward) 
       5’-CGGGATCCTCAGTAGGGCTTGCTG-3’(reverse) 
5.3.2 Protein expression and purification 
       Small proteins (T1, T2, T3 and T4) were overexpressed as His6-tagged fusions in E. 
coli strain Rosetta 2 and purified as described in Chapter 3. For T5, T6, T7 and the full-
length CUG-BP1, a 800 ml culture was used and cells were induced at early log phase 
(OD600 ≈ 0.4) with 0.5 mM isopropyl 1-thio-P-D-glactopyranoside. The culture was 
grown for an additional 1.5 hr at 37 0C and followed the purification protocol in Chapter 
3. The concentrations of the proteins were estimated by the Bradford assay.  
5.3.3 Binding affinity assays 
        Electrophoretic mobility shift assays (EMSA) were used to determine the affinities 
of various deletion mutants of CUG-BP1 for the GRE sequence. The general procedure 
was described in Chapter 3. The 22-mer synthetic GRE (5’-
UUUCUUGUUUGUUUGUUUGGGU-3’) was purchased from IDT and purified on a 10 
% denaturing polyacrylamide gel and 5’ end-labeled with [γ-32P] ATP as described. A 6 
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% native polyacrylamide gel was used for binding assays with CUG-BP1.  For all other 
proteins, 8 % native polyacrylamide gels were used.   
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